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The common bean (Phaseolus Vulgaris L.) is the most important food legume crop for direct 
consumption in the world. The crop is a primary protein source in the diet of many low-income 
populations globally. However, drought has become a major constraint affecting over 60% of dry 
bean production worldwide causing crop failure, hunger and poverty especially in Uganda.  
Development of drought tolerant cultivars is the most effective control measure in mitigating 
effects of drought on dry bean production. Significant research efforts have been made over the 
past two decades to improve common bean adaptation to drought. Consequentially, sources of 
drought tolerance have been identified; however, the genetic diversity and mechanistic behavior 
of drought tolerance within the common bean is still not fully understood. Drought tolerance is a 
physiologically complex process integrating several mechanisms and quantitative traits, which 
has made breeding for drought tolerance in the common bean very problematic. Furthermore, 
evaluation for drought tolerance is very laborious, time consuming and employs destructive 
sampling, which has further slowed efforts of improving the common bean. Therefore, marker 
assisted selection using genetic markers that are tightly linked to quantitative trait loci (QTL) 
controlling drought tolerance traits is the most feasible solution.  
The aim of this study was to identify phenotypic traits and quantitative trait loci underlying 
drought tolerance in the common bean. More specifically this research study aimed at (i) 
identifying key phenotypic traits and sources of drought tolerance in the intra-gene pool Andean 
cross (BRB 191 x SEQ 1027) population, (ii) Mapping QTL controlling drought tolerance in the 
genome and markers flanking these QTLs. The BRB 191 x SEQ 1027 population derived from 
drought tolerant lines BRB 191 and SEQ 1027 was evaluated for two years and I year under field 
and greenhouse conditions respectively at Kawanda in Uganda. The F5 RIL population 
comprising of 128 lines was assessed under drought stress (DS) and non-stress (NS) 
environments for twenty (20) drought related traits which included agronomic, morphological, 
phenological, and physiological components. 
 
 
Viable sources of drought tolerance were identified in the (BRB 191 x SEQ 1027), namely: 
lines114, 117, 91 and 41. Also, BRB 191 was affirmed as a viable source of drought tolerance. 
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Drought stress in the field significantly affected all measured traits except harvest index (HI) and 
stem biomass reduction (SBR) (P˂0.001). However, chlorophyll content (SCMR), canopy 
temperature (CT), stem biomass reduction (SBR) and 100 seed weight (100SW) remained 
significantly stable under season by genotype by environment (Sn. Gen. E) interactions and 
genotype by environment (G x E) interactions as well (P˂0.001). Stability of these traits 
highlighted their usefulness in selecting for drought tolerance across different environments. 
Furthermore, pod partitioning index (PPI), harvest index (HI), chlorophyll content (SCMR) and 
stem biomass reduction (SBR) remained significantly stable under G x E effects. Significant 
correlations (P˂0.001) were also maintained between HI and PPI with seed yield under drought 
stress for 2 years in the field indicating the viability of photosynthate remobilization in 
increasing yield potential under drought stress conditions. 
 
A linkage map spanning 204.7 cM with an average distance of 3.4 cM between marker intervals 
was constructed using 60 single nucleotide polymorphic (SNP) markers in this study. Inclusive 
composite interval mapping (ICIM) revealed thirty six (36) major QTL from field (29 qtl) and 
greenhouse (9 qtl) evaluations (LOD≥3.0). Co-localization and clustering of a large number of 
QTL was detected on pv02 at 4 major chromosome positions. A major seed yield QTL SY2.1
BS
 
on pv02 was tightly linked to five major QTL associated with pod partitioning and phenology. 
Pleiotropy was also detected in the greenhouse between leaf biomass and phenology. QTL 
associated with seed weight and phenology mapped near previously reported QTL. The above 
findings provide a possibility for marker assisted breeding using markers tightly linked to 








CHAPTER 1 : INRODUCTION 
1.1 Background 
The common bean (Phaseolus vulgaris L.) is the most important food legume crop for direct 
consumption in the world (Blair et al., 2009). The crop is recognized as the second most 
important source of dietary protein (Wortmann, 1998). Bean is particularly suitable for food 
security due to its short growing cycle (2.5 to 3 months) and adaptability to different cropping 
systems (Wagara and Kimani, 2007). In East Africa, beans are primarily grown by the 
smallholder farmers, especially women, for home consumption, while any excess production is 
sold at the market (Spence, 2006). Thus, beans play an essential role in the sustainable 
livelihoods of smallholder farmers and their families, providing both food security and income 
generation.  
Drought is one of the major abiotic constraints affecting common bean productivity and has been 
reported to affect over 60% of dry bean production worldwide and is endemic in the major 
production areas (DWD, 1995). The constraint has led to severe dry bean yield losses in Uganda 
(NEMA, 2001) evidenced in all the agro ecological zones (Okonya et al., 2013). Recent studies 
suggest that only 7% of the bean-growing area in Africa receives adequate rainfall (Hardarson 
and Broughton, 2003) which implies that bean production is greatly exposed to the risk of 
drought. On-farm yields of beans in East Africa and Uganda in this case, have been reported to 
remain stagnant (0.5-0.6 Mt ha
-1
) (Sibiko, 2012).  
 
Nevertheless, genetic diversity studies over the past two decades have identified sources of 
drought tolerance in the common bean (Schneider et al., 1997; Beebe et al., 2006; Ochoa et al., 
2006; Rao et al., 2006; Collins et al., 2008; Blair et al., 2012; Asfaw and Blair, 2012; 
Mukeshimana et al., 2014; Beebe et al., 2013). Furthermore, a series of drought studies have 
revealed key drought resistance traits (e.g. root length, root depth, canopy biomass, pod 
partitioning index, and pod harvest index); however the mechanism and genetics underlying 
these traits are yet to be understood (Mukeshimana et al., 2014).  
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Also, a number of QTL underlying drought tolerance in the common bean have been identified 
(Schneider et al., 1997; Rao et al., 2006; Asfaw and Blair, 2012; Mukeshimana et al., 2014); 
however, there have been no reports on successful use of linked markers in marker aided 
selection. More studies in this field would greatly contribute to breeding programmes through 
marker aided selection and broaden our understanding of the mechanisms behind drought 
tolerance, a key to averting production losses due to drought. This study aimed at identifying 
QTL underlying drought tolerance in the Andean cross of (BRB 191 x SEQ 1027) RIL 
population.  
1.1.1 Taxonomy and Origin of common bean 
All bean genotypes generally originated from two gene pools; the Andean (typically large seeded 
and the Mesoamerican (small seeded) gene pools. Common bean belongs to class 
Magnoliopsida, family Papilionaceae (Leguminosae Papilionoideae, Fabaceae), tribe 
Phaseoleae, subfamily Papilionoideae with chromosome number 2n = 22 (Mackinder, 2001; 
McClean et al., 2008). Common beans are further classified into: the dry bush type, which is the 
most widely cultivated, and the climbing bean type, a recent innovation with high yielding 
potential. The crop is the most widely grown, occupying more than 85% of production area sown 
to all Phaseolus species in the world (Singh, 2001).  
The common bean (Phaseolus vulgaris L) is a domesticated plant, which originated from Mexico 
in Central America (Gepts and Debouck, 1991). The crop grows in many environments ranging 
from tropical, subtropical to the temperate regions of the world. Among the main food crops, the 
common bean shows the greatest variation which enables its production in a wide range of 
cropping systems and environments (Blair et al., 2010; De Ron et al., 2015). In East Africa, it 
was introduced by the Portuguese in the sixteenth century through Sofala (Mozambique), 
Zanzibar and Mombasa, from where it was carried to higher altitude areas of the interior by slave 
trading caravans and merchants (Freytag and Debouck, 2002). In Africa, diversity of beans is 
highest in the Great Lakes Region and south west Uganda where they are produced, marketed 
and consumed as complex varietal mixtures (Wortmann, 1998). Today, common bean is a crop 
of global importance in North and South America, Europe and Africa (Leff et al., 2004).  
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1.1.2 Importance of the common bean 
Common bean is the most important food legume in the world (Broughton et al., 2003). Bean is 
consumed by a large number of the poor in Latin America and Africa (Singh, 1991).  The crop 
provides protein, complex carbohydrates, and valuable micronutrients for more than 300 million 
people in the tropics and is a staple crop for over 200 million people in sub-Saharan Africa 
(Akibode et al., 2011). 
 
In East Africa, beans are ranked as the second most important source of human food dietary 
protein providing 25% of the total calories and 45% of the protein intake of the diets of many 
Ugandans (Pachico, 1993). Beans are also a valuable source of vitamin B complex, iron, zinc, 
sulfur and other essential minerals (Beebe et al., 2000). Common bean therefore plays an 
important role in mitigating protein malnutrition and micronutrient deficiencies in regions where 
their effects are prevalent. Furthermore, epidemiological studies also have shown that a regular 
diet with beans brings great benefits to health due to the fact that it reduces the risk of developing 
cancer, diabetes and heart disease (Guajardo-Flores et al., 2013). 
 
According to Wortmann (2006) and Baudoin (2001), the importance of common bean will 
increase in the future especially in tropical Africa where the demand is even likely to increase as 
the human population increases. This is because they are easily grown, are suitable for 
intercropping and have short growing cycles ranging from 60 to 90 days (Wortmann et al., 
1998). Therefore, advances in scientific research that improves bean yields, particularly in 
developing countries, help to feed the hungry and give hope for the future (Jones, 1999). 
 
1.1.3 Drought and its effects 
Drought is the inadequacy of water availability, including precipitation and soil moisture storage 
capacity, in quantity and distribution during the life cycle of the crop. Drought can be classified 
into four different types, namely: a) low total rainfall throughout the season, b) intermittent or 
mid-season rainfall gaps, c) terminal drought or early cessation of rains and d) rains arriving late 
or late initiation of rains (Katungi et al., 2011). Low total rainfalls mainly occur in dry semi -arid 
climates where the amount of rainfall is relatively low to cover the physiological demand of the 
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crop at any stage of growth despite its fair distribution throughout the growing period. This 
pattern of rainfall distribution is common in the northern, West Nile and pastoral agro ecological 
systems of Uganda (Mwebaze et al., 1999).  
 
Drought stress is an important limiting factor at the initial phase of plant growth and 
establishment affecting both elongation and expansion growth (Anjum et al., 2003; Shao et al., 
2008). This is due to low turgor pressure which suppresses cell expansion and growth leading to 
significant reductions in fresh and dry biomass production (Farooq et al., 2009). Severe water 
stress may result in the arrest of photosynthesis, disruption of metabolism and cell structure and 
eventually the cessation of enzyme catalyzed reactions, with the eventual death of the plant. 
Accordingly, specific effects of water stress vary depending on the previous history of the crop, 
phenological stage and duration and intensity of the stress (Jaleel et al., 2009). The interactions 
of these factors probably explain a large number of conflicting results from studies of drought 
effects (Kramer, 1969). 
 
The response of plants to drought stress can be classified into physiological, biochemical and 
molecular responses (Hasanuzzaman et al., 2013). The responses of plants to drought stress at 
the molecular level include stress responsive gene expression, increased expression in ABA 
biosynthetic genes, expression of ABA responsive genes, synthesis of drought specific proteins 
e.g. dehydrins and most importantly drought stress tolerance. Although numerous studies on 
drought have been carried out, a major challenge to understanding the mechanisms of drought 
tolerance at the molecular level still remains.  
 
Physiological responses to drought stress include loss of turgor pressure (Tardieu et al., 2014), 
decrease in stomatal conductance or stomatal closure, reduced leaf water potential, recognition of 
root signals , decline in net photosynthesis and reduced growth rates (Xu et al., 2010). According 
to Ashraf and Harris (2013), the effects of drought stress on photosynthesis are attributed to two 
major components i.e. reduced gas exchange and loss of efficiency in the physiological processes 
of photosynthesis. Drought stress has also been proved to be a very important limiting factor at 
the initial phase of plant growth and establishment through its effects on both elongation and 
11 
 
expansion growth (Shao et al., 2008). Drought stress is also associated with accelerated maturity, 
although late season release from stress may result in delayed maturity (Singh, 1995). 
The biochemical responses of plants to drought stress include transient decrease in 
photochemical efficiency, accumulation of stress metabolites like glutathione and polyamines, 
increase in anti-oxidative enzymes like Superoxide dismutase (SOD) which reduce Reactive 
oxygen species (ROS) accumulation. Reduced plant growth is noticeable under stress conditions, 
with reduction in leaf area and plant yield in common bean and other crops as well (Farooq et al., 
2009). According to Shao et al (2008), knowledge of the biochemical and molecular responses to 
drought is essential for a holistic perception of drought tolerance mechanisms to water-limited 
conditions. 
1.2 Problem Statement 
It is estimated that up to 40% of the total African bean production occurs under micro-climates 
that have severe water-deficits well below the bean water requirements (Broughton et al., 2003). 
Drought has been recorded to be one of the major bean production constraints especially in the 
mid-altitude areas of Eastern Africa (Buruchara, 2011).  
Significant research efforts have been made, particularly over the past two to three decades, to 
improve common bean adaptation to drought and as such key drought genetic resources have 
also been identified (Rao et al., 2001; Teran and Singh, 2002; Blair et al., 2006; Beebe et al., 
2008; Builes et al., 2011). However, there is still a shallow understanding of genetic basis and 
mechanisms conferring drought tolerance in the common bean.  
Furthermore most of the sources of drought tolerance identified are from the Mesoamerican gene 
pool. Despite the promising results from initial drought studies, these have mostly utilized 
germplasm from the Middle American gene pool (Schneider et al., 1997b; Beebe et al., 2006). 
Little progress has been achieved in studying drought tolerance in the Andean gene pool that is 
widely grown in East Africa and South America (Mukeshimana et al., 2014). More studies with 
populations developed from Andean intergene crosses are needed to explore additional diversity 
for drought resistance QTL alleles. One of the objectives of this study was to evaluate a RIL 
population developed from an Andean cross under non-stress and drought stress conditions. 
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Drought stress as a production constraint is multifaceted low total rainfall throughout the season, 
intermittent drought, terminal drought and late initiation of rains. Breeding for tolerance 
therefore requires specific and integrated strategies to address each type of drought (Beebe et al., 
2010). In addition, the bean is very sensitive to both soil and environmental fluctuations which 
has made drought studies especially complex. As a result, only a few breeding schemes have 
been successful in improving the efficiency of genetic enhancement of the common bean for 
drought tolerance.  
 
1.3 Justification 
Development of cultivars that are conformed to drought tolerance mechanisms is the most 
effective control measure to reduce effects of drought on dry bean production. Climate models 
suggest that some 3.9 million ha of areas suitable for beans would benefit from drought tolerance 
improvement in the 2020s (Buruchara et al., 2011).  
Significant research efforts have been made, particularly over the past two to three decades, to 
improve common bean adaptation to drought and as such key drought genetic resources have 
also been identified. Genetic variation for most traits associated with drought tolerance has 
shown a quantitative inheritance (Asfaw et al., 2012; Blair et al., 2012). However, the underlying 
genetic basis of most of these traits needs to be clarified to facilitate introgression into new 
cultivars. A better understanding of the physiology of drought tolerance mechanisms will also 
contribute to the effective use of genomic tools. 
Common beans of the race Durango from the semiarid highlands of Mexico have been reported 
to possess the highest levels of drought resistance (Teran and Singh, 2002), and bean breeders 
have utilized race Durango germplasm to develop drought resistant bean cultivars in the 
Mesoamerican gene pool (Singh, 2007; Singh et al., 2001). Additional studies in the Andean 
gene pool are needed to explore diversity of drought tolerance alleles. 
 
Limited QTL studies on drought tolerance have been conducted in common bean using different 
molecular marker technologies. As a result, marker-assisted selection (MAS) has not yet been 
implemented for drought tolerance in common bean (Mukeshimana et al., 2014). Quantitative 
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trait loci analysis for drought tolerance using high through-put markers like single nucleotide 
polymorphic markers (SNPs) will facilitate introgression of drought tolerance in cultivars. Also, 
evaluation of germplasm under different environmental conditions would improve the 
identification of versatile QTL associated with broad adaptation to drought stress in common 
bean. 
 
1.4 General Objective 
This study was carried out to identify key phenotypic traits conferring drought tolerance and 
consequentially useable Quantitative trait loci (QTL) for drought tolerance in the Common bean. 
 
1.5 Specific Objective 
1. To identify viable drought tolerance genotypes and key drought-related phenotypic traits 
in the Andean intragene pool cross population (BRB 191 x SEQ 1027)  
2. To identify useful quantitative trait loci (QTL) underlying drought tolerance in the (BRB 
191 x SEQ 1027).  
1.6 Hypotheses 
I. Some drought tolerance sources exist in bean germplasm and  few phenotypic traits are 
indicative of drought tolerance 
II. There are several quantitative trait loci (QTL) and tagging markers that are associated 
with drought tolerance in the F5 (BRB 191 x SEQ 1027) RIL population that are 












CHAPTER 2 : LITERATURE REVIEW 
 
 
2.1 Mechanisms of adaptation to drought in common bean 
Common bean is grown over a wide range of habitats where it is exposed to seasonal droughts 
and wide fluctuations in soil moisture availability. Therefore, the crop has developed several 
mechanisms to maintain plant water status within reasonable limits for normal metabolic 
functioning under drought stress (Beebe, 2012). According to Beebe et al (2013), adaptation to 
drought encompasses a diversity of mechanisms that enable plants to survive and produce in 
periods of drought stress. As such, a single trait taken alone cannot be a good indicator of 
drought tolerance, since a number of traits jointly influence yield under drought stress (Kao et 
al., 1994). Selection criteria in breeding programmes must therefore integrate several 
mechanisms in order to ascertain drought tolerance in breeding cultivars. The mechanisms of 
drought resistance are grouped into three categories, namely, drought escape, drought avoidance 
and drought tolerance (Levitt, 1980).  
2.1.1 Drought escape  
Drought escape is defined as the ability of the crop to complete its life cycle before serious soil 
and crop water deficits develop. This mechanism involves rapid phenological development 
especially early flowering and early maturity, developmental, and remobilization of 
photosynthates to the grain. According to Pessarakli (2014), photosynthate remobilization to 
grain could be particularly important during terminal drought to permit grain fill as stress 
becomes increasingly acute at the end of the season. 
Phenotypic plasticity is considered to be another mechanism contributing to increased 
performance under drought (Acosta-Gallegos and White, 1995). This particular attribute, 
accentuated in photoperiod sensitive cultivars, allows genotypes to shorten their growing cycle 
dramatically at later planting dates to avoid drought conditions later in the growing season. Both 
early and late maturity may provide a bean crop with means of escaping drought. However, their 
relative usefulness depends on the pattern of water availability (van Schoonhoven and Voysest, 
1991). According to van Schoonhoven and Voysest (1991), earliness is beneficial for crops 
where soil moisture is adequate early in the season. Recuperation through late maturity is in 
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cases of early or midseason drought, and when moisture is abundant throughout the cropping 
season (van Schoonhoven and Voysest, 1991). Flowering time is recognized as the most critical 
factor to optimize adaptation, hence yield, in environments differing in water availability and 
distribution during the growing season (Richards, 2006). Matching crop phenology to 
environmental factors and rainfall patterns is recognized as an important criterion for improving 
drought resistance in common bean (Acosta-Gallegos & White, 1995).  
Shoot dry weights appear to be the most promising based on heritability, strong general 
combining ability effects, and correlations with seed yield across trials (White et al., 1994). Dry 
weight determinations, including seed yield, represent the furthest extreme of measurements 
which integrate effects of different processes. Some of the yield components that can be used to 
quantify drought tolerance include agronomic traits like number of pods per plant, number of 
seeds per pod and100 seed weight (Beebe et al., 2013). 
Photosynthate remobilization to grain is a trait with wide utility under multiple patterns of 
drought and even under other types of stress and optimal conditions (Beebe et al., 2013). 
According to Board and Maricherla (2008), some of the trait indicators used to measure 
photosynthate remobilization include harvest index (HI), pod harvest index (PHI), pod wall 
biomass proportion (PWBP), pod partitioning index (PPI), stem biomass reduction (SBR), grain 
filling index (GFI), seed production efficiency(SPE) and  pod production efficiency (PPE). 
Harvest index (HI) has proved to be an important trait to breeders in identifying genotypes that 
are adapted to drought stress through better photosynthate mobilization (Beebe et al., 2013). 
Attempts have been made to separate HI into three component traits including pod partitioning 
index (PPI), stem biomass reduction (SBR), and pod harvest index (PPI) (Beebe et al., 2009). 
Pod partitioning index is measured as the value of pod biomass at harvest relative to canopy 
biomass (CB) value at mid pod filling growth stage that is assumed to be the time that reflects 
the maximum vigor of the genotype. The measure of SBR at harvest relative to stem biomass at 
mid pod filling indicates the extent of stem reserve mobilization to grain filling. According to 
Klaedtke et al (2012), genotypes that combine the above three plant attributes with greater values 




2.1.2 Drought avoidance 
Drought avoidance is the ability of the crop to maintain relatively high tissue water potential, 
despite a shortage in soil moisture. This is achieved through increased rooting depth, efficient 
root system, increased hydraulic conductance, and reduction of water loss through reduced leaf 
conductance, reduced absorption of radiation by leaf movement/ rolling, and reduced 
evaporation surface (Beebe et al., 2013). 
The simplest and most important mechanism to reduce water loss in plants is reduction of total 
leaf area. It results from a reduced number of leaves, reduced size of younger leaves, inhibited 
expansion of developing foliage, or leaf loss accentuated by senescence, all of which conversely 
result in decreased seed yield (Acosta-Gallegos and Shibata,1989) due to reduction in 
photosynthetic area. However, this reduction may be compensated through increased leaf 
thickness and an increase in the ratio of mesophyll surface area to total leaf area (Nobel, 1980). 
Greater resistance along the path of moisture movement from leaf cells to air will also reduce 
water loss. This can be attained through greater amounts of leaf pubescence, lower leaf 
temperature, leaf reflectance and leaf movements.  
Studies in beans confirm the importance of root growth in permitting plants to explore a greater 
soil volume, thus extracting more moisture and suffering less drought effects (Ramirez Vallejo 
and Kelly, 1998). Common bean root systems show considerable architectural variation among 
species (Lynch, 2011). However, response of specific genotypes varies greatly with 
environment. Techniques used to measure rooting ability include rooting depth (Wakrim et al., 
2005), root dry weight (Abebe and Brick, 2003), root distribution (Mohamed et al., 2002), root 
length density (Sponchiado et al., 1989), root efficiency in water absorption (Guimaraes et al, 
1996), and root depth (Wakrim et al., 2005).  
Canopy temperature measurements, usually made with an infrared thermometer, have been used 
on beans, and, as with other crops (Walker and Hatfield, 1979). Lower temperature presumably 
reflects greater root growth, permitting uptake of water, combined with lesser effects of leaf size, 
movement and reflectivity. However, canopy temperature measurements with infrared 
thermometry are sensitive to microclimatic conditions like wind speed, vapor pressure, solar 




Water use efficiency (WUE) is another important trait for attaining high yield in crops grown 
under terminal drought conditions (Passioura, 1977). Water use efficiency explains the 
relationship between a plants’ assimilate production rate and the rate at which it loses water to 
the atmosphere. WUE has been measured in four different ways namely; photosynthetic water 
use efficiency (PWUE), transpiration efficiency of carbon gain (TEC), transpiration efficiency of 
nitrogen gain (TEN) and transpiration ratio (TR) (Cernusak et al., 2007). TE has been estimated 
through proxy traits such as the SPAD chlorophyll meter reading, specific leaf area and carbon 
isotope discrimination ratio (δ13C) (Ravi et al., 2011). According to Li et al (2006) chlorophyll 
content could be an important indicator of drought tolerance that could result in development of 
plants that are able to remain productive, even under drought stress. 
Stomatal conductance plays a pivotal role in regulating the water balance of the plant and 
determining water use efficiency (WUE) (Condon et al., 2002). Stomatal conductance to water 
vapor is measured with a portable leaf porometer which measures the water vapor flux from the 
leaf surface to the atmosphere. However, it is difficult to accurately measure stomatal 
conductance in a reasonably large number of plants while accounting for the fluctuation in the 
main environmental factors known to affect stomatal conductance during the day (wind, solar 
radiation, humidity, etc.). 
2.1.3 Drought tolerance 
Drought tolerance is defined as the ability of the crop to withstand water deficit with low tissue 
water potential (Basu et al., 2016). Inherent drought tolerance is attributed to maintenance of 
turgor through osmotic adjustment, increase in cell elasticity, decrease in cell size, and 
desiccation tolerance by protoplasmic resistance. This strategy involves coordination of 
physiological and biochemical alterations at the cellular and molecular levels and the 
sequestration of ions in the plant (Shimmen and Yokota, 2004). 
Turgor may be maintained by osmotic adjustment (increased cellular content of solute regulated 
through shifts in concentrations of potassium, sugars, amino acids and organic acids) or by low 
bulk tissue elastic modulus (Jones and Turner, 1980). Varietal differences in osmotic adjustment 
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have been reported in the common bean (Gama et al., 2007). However, it has been suggested that 
tissue elasticity is probably more important than osmotic adjustment in crops such as beans 
(Martinez et al., 2007) since reduced tissue elasticity also permits greater extraction of soil 
moisture. Due to complexities of measuring and interpreting effects of osmotic adjustment and 
changes in tissue elasticity, researchers have attempted to detect effects of turgor maintenance on 
rates of tissue elongation. White and Izquierdo (1989) were able to find a highly significant 
correlation between seedling elongation and drought tolerance index in 25 bean cultivars.  
Relative insensitivity to desiccation or desiccation tolerance is also another mechanism that 
contributes to drought tolerance. Membranes such as those in the chloroplasts and mitochondria 
appear particularly sensitive to desiccation and loss of water causes lesions in the membranes 
(Sanhewe and Ellis, 1996). Simple conductivity measurements have been used to estimate 
overall cell membrane stability under desiccation (Sanhewe and Ellis, 1996). Both approaches 
have not been reported in common bean experiments. 
 
2.2 Key drought-related traits and sources of drought tolerance in common bean 
Breeding for drought tolerance in common bean has a long history in CIAT as well as some 
national programmes (Beebe et al. 2009). Common beans have evolved several mechanisms to 
maintain plant water status for normal metabolic functioning under drought stress (Beebe, 2012). 
However, inconsistent expression of drought tolerance across sites and regions in some drought 
tolerant cultivars as a result of local adaptation is still a major challenge. As a result, many useful 
genotypes have not been utilized in breeding schemes due to this effect. 
Improved drought adaptation is determined by a number of roots and shoots traits. The root traits 
maximize water uptake while the shoot traits optimize the use of absorbed water for producing 
grain during drought stress (Beebe et al., 2013). White and Castillo (1992) grafted diverse shoot 
genotypes onto selected root genotypes of common beans and evaluated yield under drought. 
Although they found variation with shoot genotype, the effect on growth and yield under drought 
was found to be small, compared with the effect of root genotype. In another grafting study by 
Sanders and Markhart (1992) to examine the importance and mechanisms of the root system’s 
effect on leaf water status in P. vulgaris and P. acutifolius, root genotype was found to determine 
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leaf water potential in the most stressed plants. According to de Dorlodot et al (2007), 
modifications of root systems through breeding and selection of beneficial root traits can offer a 
cost effective way of improving common bean productivity under drought. 
Through field screening, some relatively drought-tolerant lines of bean germplasm have been 
identified, such as BAT 477, A 195, and BAT 1289 (Sponchiado et al., 1989; White and Singh, 
1991). The superior adaptation of BAT 477 to water deficits was attributed to drought avoidance 
through greater root length density and deeper soil moisture extraction (Sponchiado et al., 1989).  
Additional preliminary droughts QTL have also been identified for BAT 477 under drought 
stress conditions (Blair et al., 2006). Recent breeding efforts for improving drought resistance 
has also resulted in small seeded Mesoamerican lines SER and SEN with up to 36% greater yield 
per day in favorable environments compared to BAT477 (Beebe et al., 2008).  
Castonguay and Markhart (1991) measured saturated rates of photosynthesis in water-stressed 
leaves of common and tepary beans, and found that genotypic variability in drought tolerance 
between the two was not related to differences in mesophyll tolerance of dehydration.  
Severe drought reduced nitrogen mobilization, HI and water-use efficiency (WUE) in common 
bean (Foster et al., 1995). Furthermore, White (1993) under field conditions indicated that WUE 
(based on carbon isotope discrimination, CID) was not a promising indicator of adaptation to 
drought. However, the study had a limited number of parental genotypes in a single year; further 
research work is needed to verify these findings. Recent breeding efforts identified two (2) lines 
(SEN 3 and SER 21) that were superior in water use efficiency under greenhouse conditions 
(Builes et al., 2011). 
Other physiological traits such as shoot dry weight and leaf nitrogen concentration appeared the 
most promising based on heritability, strong general combining ability effects, and correlations 
with seed yield across trials (White et al., 1994a, b). Rao et al., (2004) evaluated 36 promising 
bred lines and accessions under field conditions over two seasons at CIAT in Colombia, and 
found that two accessions of P. acutifolius (G 40159 and G 40068) and two bred lines (RAB 650 
and SEA 23) were outstanding in their adaptation to water stress conditions. Their superior 
performance was associated with their ability to mobilize photosynthates to the developing grain 




Rao et al (2006a) also identified three lines (SER 16, SEA 5, and SER 5) that were superior in 
their adaptation to drought stress conditions. The superior performance of these lines was 
associated with higher values of pod harvest index (PHI), pod partitioning index and leaf area 
index (LAI), and a lower proportion of pod wall biomass and lower value of seed phosphorus 
content. The findings indicate the importance of greater mobilization of photosynthates to pods 
in common bean under rain-fed conditions. Recently, Klaedtke et al. (2012) reported that 
photosynthate mobilization capacity from drought adapted common bean lines can improve yield 
potential of interspecific populations within the secondary gene pool. 
More recently, the capacity to maintain remobilization of photosynthate to grain under stress for 
better harvest index is an important drought tolerance trait in domesticated bean (Assefa, 2010). 
SEA 15, a line derived from race Durango parentage (Beebe et al., 2008) displays this trait, as 
does G 21212, a black seeded accession from Colombia of Mesoamerican race which has an 
unusual capacity to set pods and fill seeds under stress (Rao et al., 2001). 
Phenotypic plasticity is considered to be another mechanism contributing to increased 
performance under drought (Acosta-Gallegos and White, 1995). This particular attribute, 
accentuated in photoperiod-sensitive cultivars, allows genotypes to shorten their growing cycle 
dramatically at later planting dates to avoid drought conditions later in the growing season.  
Combining races Durango and Mesoamerica has been a consistent source of improved drought 
resistance for lowland tropical environments; inter-race polymorphisms may be a good 
opportunity for the application of marker assisted selection (MAS). Combination of genes from 
race Durango to race Mesoamerica has also provided drought resistant lines like L88-63, a 
superior black seeded line (Frahm et al., 2004), Pinto Villa from highland environments of 
Mexico (Acosta- Gallegos et al., 1995) and SEA 5 derived from a double cross combining race 
Durango (Guanajuato 31) and race Mesoamerica (BAT 477) (Teran and Singh, 2002). 
More recently significant gains in yield have been registered with Andean lines introgressed with 
Middle American sources (Acosta-Gallegos et al., 2007). According to Asfaw (2011), farmers in 
Ethiopia identified one such line, SAB 626, as highly acceptable for its drought tolerance 
(Asfaw, 2011). Other superior Andean genotypes selected in other studies include SAB 645, 
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PVA 1111, G 5142, SEQ 1003, SEQ 1027 and G 17076 (Makunde, 2007). Some of these 
genotypes are already widely used in many breeding programs, for example, SEQ 1003 in 
Ethiopia, SEQ 1027 in Kenya and SEQ 1003 in Zimbabwe. 
 
2.3 Marker assisted breeding for Common bean 
2.3.1 The genetic map: Common bean 
Early mapping activities involving molecular markers led to tagging of major resistance genes 
and the elucidation of more complex resistance traits through QTL analysis (Weeden, 1984; 
Bassett, 1988; Gepts, 1988; Arndt and Gepts, 1989). Genetic maps for common bean have been 
available since the 1990s and are based on various types of molecular markers, with a 
predominance of co-dominant RFLP markers and dominant RAPD markers (Vallejos et al., 
1992; Nodari et al., 1993). A consensus genetic map for common bean that covers a genetic 
distance of 1226 cM was developed by integrating marker information from different 
populations into a reference map derived from the segregation of 563 markers in a common 
population (BAT93 X Jalo EEP558) (Freyre et al., 1998). The BAT 93 X Jalo EEP558 (BJ) 
population displayed a high level of diversity for RFLP and other markers because the parents 
belonged to the Middle American and Andean gene pools, respectively (Nodari et al., 1992; 
McClean et al., 2002). For each of the linkage groups, a minimum of two (or more) markers 
from the different maps were mapped in the BJ population. The maps involved included the 
Davis map (Nodari et al., 1993a; Freyre et al., 1998), the Paris map (Adam-Blondon et al., 
1994), the Florida map (Vallejos et al., 1992), and the Nebraska–Wisconsin maps (Jung et al., 
1996; 1997; 1998; 1999). The former three maps were based on RFLP markers while the latter 
group of maps was based on RAPD markers.  
An increasing number of genetic maps are being developed in common bean for the 
identification of QTL and of identified genes that control important traits of economic interest. 
Nevertheless, the information tends to be restricted to those populations already mapped, since 
the transferability of the molecular markers currently in use is very low. Using genetic markers 
such as SNPs may help to solve the challenge of transferability of marker information between 




2.3.2 Quantitative trait loci (QTL) analysis for drought adaptation 
The nature of drought and its interaction with multiple environmental factors make the validation 
of drought related QTLs much more complex. Therefore, QTLs for drought resistance would 
require to be validated over sites, seasons, and patterns of drought and soil types. Local 
adaptation is an important component of drought resistance (White, 1987; Miklas et al., 2006). 
Conventional genetic studies of White et al., (1994) suggested that the value of drought 
resistance sources as parents was closely associated with the yield of the parent in the given 
environment.  
The potential to select drought tolerance with QTL analysis and MAS was first investigated by 
Schneider et al (1997) in seven environments in Michigan and highland Mexico using two 
populations. QTL analysis with RAPDs identified nine markers and selection based on MAS was 
effective under severe drought in Michigan.  
A series of physiological studies focused on a set of recombinant inbred lines (RILs) identified 
QTL for root traits that contribute to enhanced P uptake, finding at least six QTL for specific root 
length and six for root length in the field (Beebe et al., 2006), six for traits associated with root 
hairs (Yan et al., 2004), three for basal root angle (Liao et al., 2004). Beebe et al (2006) also 
identified one QTL in the (SEA5 × MD 23-24) RIL population to common to two drought 
seasons and another QTL specific to two seasons. For some of these studies common regions 
were found for different traits. 
 
In 2010, composite interval mapping detected QTL for seed yield, yield per day, 100 seed 
weight, days to flowering and days to maturity in 6 field environment consisting of irrigated and 
rain-fed treatments (Blair et al., 2010). The study used an intra-gene pool Mesoamerican cross 
population of drought tolerant BAT 477 and drought susceptible DOR 364. Quantitative trait loci 
associated with photoperiod induced delay in flowering QTL (Hannah et al., 20007) and the seed 
weight QTL aligned with a QTL from other QTL studies (Park et al., 2000). Furthermore, 





Asfaw et al (2012) evaluated the same population under eight environments differing in drought 
stress across two continents: Africa and South America. A total of 69 QTL were identified using 
composite interval mapping (CIM); however, phenotypic variation explained by QTL in single 
environments ranged up to only 37%. The most consistent QTL were for chlorophyll content and 
pod partitioning traits emphasizing the importance of photosynthate accumulation in maintaining 
yield potential under drought stress. Asfaw and Blair (2012), using the same population (BAT 
477 x DOR 364) RIL population further detected major QTL for all the root traits except total 
root length and fine root length that did not interact with the level of water supply. The results 
from Asfaw and Blair (2012) study highlighted the feasibility of marker-aided selection as an 
alternative to labor-intensive, phenotypic screening of drought avoidance root traits. 
 
In a more recent study, a total of 14 QTL for performance under drought conditions were 
consistently identified in different environments using SNP markers (Mukeshimana et al., 2014). 
The study used a recombinant inbred line population developed drought tolerant SEA 5 and CAL 
96 that was evaluated in Rwanda for three years and Colombia for one year. A QTL associated 
with phenology and seed weight traits mapped near previously reported QTL (Kolkman and 
Kelly, 2003; Blair et al., 2012). In addition, linkage between seed weight and seed yield QTL 
SY3.3
sc
 was observed on Pv03 and could be used to simultaneously select for seed yield and size 
in intergene pool crosses of common bean. 
 
More recent studies have identified consistent QTL across multiple environments. Trapp et al 
(2015) identified consistent QTL associated with Soil Plant Analysis Development (SPAD) leaf 
chlorophyll reading and pod partitioning traits. The study also showed consistency of yield QTL 
on b08 and stem carbohydrate QTL on b05. 
 
Although physiological studies have revealed the role of some traits like rooting depth and 
photosynthate remobilization, the underlying genetic and mechanistic factors behind drought 
resistance is yet to be understood. Effective use of genomic tools will be impossible without 
better understanding of the physiology of drought response and drought resistance mechanisms.  
Despite the promising results from initial QTL studies, these have mostly been in a limited 
number of RIL populations, all so far created from crosses within the Middle American gene 
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pool (Schneider et al., 1997; Beebe et al., 2006). While intergene pool crosses are attractive from 
the standpoint of exploiting the diversity in each pool, effective trait transfer among gene pools is 
a continuing challenge (Kornegay et al., 1992; Singh, 2001) which is still not clear. Only a few 
examples are available of the development of useful breeding lines through the use of intergene 
pool crosses (Beaver and Kelly 1994, Mukeshimana et al., 2014). Further studies with 
populations developed from crosses between gene pools and from crosses within the Andean 
gene pool are needed to explore additional diversity for drought resistance QTL alleles and 
analyze the effect of genetic backgrounds on the QTL alleles that have already been identified. 
One of the objectives of this study was to evaluate a RIL population developed from an Andean 














CHAPTER 3  
Study I (a): Field evaluation of drought related traits in an F5 RIL Andean intra-gene cross 
population under non-stress and drought stress conditions 
 
3.1 Introduction 
Drought is the most threatening and common abiotic constraint to bean production across 
Eastern and Southern Africa (Katungi et al., 2009); moreover Sub Saharan Africa is predicted to 
face more frequent drought episodes (Parry, 2007). Water deficit in bean growing areas in Africa 
is majorly due to low and unevenly distributed rainfall (Lunze et al., 2011) thus restricting 
expression of the full genetic yield potential of the bean crop (Wang et al., 2004). Average yields 
in Africa are still below the yield potential (3 t ha
−1
) (Beebe et al., 2010) with yield losses over 
300,000 MT of beans registered in the last decade (Buruchara et al., 2011).  
 
It is therefore evident that the use of resistant varieties is the most effective control measure for 
mitigating effects of drought on bean yields. Although, sources of drought resistance have been 
identified through extensive screening of germplasm and breeding programmes, the mechanism 
and genetics of drought tolerance are yet to be understood. Furthermore, Mesoamerican bean has 
been used more than the Andean bean (Beebe et al., 2001). Consequentially, the number of 
Andean derived populations used in drought studies is still limited due to lower diversity 
compared to Mesoamerican bean (Bittochi et al., 2012). As such, diversity for drought resistance 
QTL and the effect of genetic background in Andean beans still needs to be explored.  
 
Therefore, the objective of this study was to determine the reaction of an F5 recombinant inbred 
line population of an Andean Intra-gene cross (BRB191 x SEQ1027) to drought stress. This was 
done by evaluating morphological, physiological and phenological traits underlying drought 
tolerance under drought stress and non-stress conditions in the field. Also, sources of drought 





3.2 Materials and Methods 
3.2.1 Description of study site  
This study was carried out at the National Agricultural Research Laboratories (NARL) in 
Kawanda. National Agricultural Research Laboratories (NARL) is located 13 km North of 
Kampala city at an elevation of 1193m above sea level. The annual average temperature in 
Kawanda is 21.7°C with a total annual cumulative rainfall of 1242mm.  
3.2.2 Germplasm used in the study 
An F5 recombinant inbred line (RIL) population of 128 lines developed from BRB 191 (a source 
of the bc3 gene) and drought tolerant SEQ1027, was evaluated in this study. Both BRB 191 and 
SEQ 1027 are Andean cultivars with bush type growth habits. BRB 191 was used as the female 
parent and is also the source of the bc3 gene that confers resistance to Bean Common Mosaic 
Virus (BCMV) and its necrotic strain Bean Common Mosaic Necrosis Virus (BCMNV) while 
SEQ1027 was the male parent known for its drought tolerance properties (CIAT, 2008). The 
BRB/SEQ F2 population was developed at CIAT in Cali, Colombia and advanced to F5 
generation at Kawanda. CIAT-Cali lies at an altitude of about 965 m with latitude 3°30'N and 
longitude of 76°30'W. The average temperatures are 24.3°C, average rain fall is 896 mm and 
soils are fine silty, mixed, isohyperthermic Aquic Hapludoll (Mukeshimana et al., 2014) 
 
The F5 population was evaluated with eight checks that included Diacol calima, DAB 494, SEQ 
1003, SCR 9, DAB 441, NABE 4, CAL 96 and BAT 477 (Table 3.1). Diacol Calima is a red 
mottled Andean drought susceptible line with elongate seed released in Colombia in 1966 
(Voysest, 1983). BAT 477 is a small seeded cultivar from the Mesoamerican race with a bush 
growth habit. BAT 477 was originally identified as a drought tolerant variety (Sponchiado et al., 
1989) with high symbiotic nitrogen fixation (SNF) in optimal conditions (Kipe-Nolt and Giller, 
1993). CAL 96 is a large seeded red mottled drought susceptible cultivar with a bush growth 
habit and high market preference in Uganda. CAL 96 is also widely used in breeding 
programmes in East and Central Africa. SEQ1003 like SEQ1027 is an Andean type cultivar with 




Table 3.1: Principal characteristics and merits of bean parental genotypes and checks 
evaluated at Kawanda, 2014/ 2015  
S- Small seeded, L- large seeded, M- medium seeded 
SEQ lines are already widely used in many breeding programmes in Ethiopia, Kenya and 
Zimbabwe (Beebe, 2012; Simbarashe, 2013). DAB 441 and DAB 494 are part of the advanced 
drought Andean bean (DAB) nursery developed by CIAT. The DAB nursery has already been 
phenotyped under different drought conditions in several studies and breeding programmes in 
Africa (CIAT, 2008). NABE 4 is a red mottled large seeded commercial cultivar in Uganda, 
resistant to Halo blight but susceptible to drought (Amongi et al., 2014). SCR 9 is a red seeded 
cultivar that is tolerant to BCMV and drought (Amongi et al., 2014). 
 
3.2.3 Design of the field experiment 
Germplasm was evaluated in the field for two seasons (2014b and 2015a) under two irrigation 
regimes; i.e., non-stress and drought stress to quantify the effects of drought on crop growth and 
seed yield.  During the first season, the two treatments were in separate fields due to limited land 
Genotype  Origin Growth habit Seed size Merits 
BAT 477  Mesoamerican 
 
III S Drought tolerance 
Resistant to low soil 
phosphorous 
BRB 191  Andean 
 
I L Drought tolerance 
Has bc3 gene for BCMV 
CAL 96  Andean 
 
  I L Drought susceptible 
Angular leaf spot tolerance 
DAB 441  Andean 
 
I M Drought tolerant 
DAB 494  Andean 
 
I M Drought tolerant 
Diacol Calima  Andean 
 
I L Drought susceptible 
NABE 4  Andean 
 
I L Resistant to Halo blight 
SCR 9  Andean 
 
I L Drought tolerance 
SEQ 1003  Andean 
 
I L Drought tolerance 
SEQ 1027  Andean I L Drought tolerance 
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size. However, during the second season both treatments were run next to each other in one field 
separated by 6m to create a buffer zone between the drought stressed and non-stressed 
environments.  
Genotypes were planted in two row plots; one of the rows was used for destructive sampling.  
Genotypes were replicated three times in each treatment for each season in an alpha lattice 
design comprising 10 blocks with 14 genotypes per block. The plot sizes were 2.5 m long with a 
row-to-row distance of 80cm. The spacing between plants within each row was 7.5cm (Polania et 
al., 2012).  
 
In 2014b and 2015a, both the non-stress and drought stress treatments were established with two 
irrigations of 35 mm using a vehicle water tank; irrigation (35mm) was applied one day before 
planting and the other was applied 10 days after planting (Polania et al., 2012). The non-stress 
treatment in 2014 received three additional gravity irrigations of 35 mm of water at 30, 50 and 65 
days after planting (DAP). In 2015a, the drought stress treatment received two additional 
irrigations at 40 and 55 DAP.  
A mixture of fungicides (Ridomil and Dithane m 45, active ingredient: Manganese ethylene 
bisdithiocarbamate) was applied in intervals of 14 days in all field experiments. Fertilizer (NPK 
17:17:17 ratio) was applied at the reproductive and flowering stage to prevent variation due to 
poor soil fertility at the most drought sensitive stages of growth. Also, hand weeding was carried 
out every month throughout the experiment (Ambachew et al., 2015). 
 
Amount of rainfall received, maximum and minimum temperatures were recorded everyday 
using a satellite system by Uganda National Meteorological Authority (UNMA). In addition, 
data for humidity levels per day were also recorded using the same system. Precipitation and 
temperature during the crop growing season was recorded from the Uganda National 
Meteorological Authority website (UNMA) (www.unma.go.ug).  
 
3.2.4 Data collection 
Data was collected throughout the development of the crop at different stages to evaluate the 
effects of drought on given genotypes. A combination of phenological, morphological and 
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physiological shoot traits was measured under both non-stress and drought stress treatments. 
Data on yield and yield components was recorded at harvest in both seasons (Beebe et al., 2013; 
Hoyos-Villegas et al., 2017). 
 
3.2.4.1 Phenological traits 
Crop development was monitored by recording days to flowering (DF) and days to physiological 
maturity (DPM). Days to flowering was measured individually for each plot when 50% of the 
plants were in a fully flowered state while days to physiological maturity (DPM) was measured 
individually for each plot when 50% of the plants were at maturity (e.g., pods would crack open 
easily when pinched) (Polania et al., 2012). 
3.4.2.2 Morphological traits 
Morphological traits measured in Kawanda included growth vigor (GV), growth habit (GH), 
flower color (FLCOL), pods per plant (PDPL). 
a. Growth vigor (vegetative adaptation) 
The evaluation was carried out when plants reached maximum development,; the effect that the 
growth habit has on plant vigor was also taken into account (Corrales and van Schoonhoven, 
1987).  
b. Growth habit (GH) 
This was a qualitative description of the growth habit of the plant based on visual classification 
into five categories during the developmental stage (R6) (Corrales and van Schoonhoven, 1987). 
A second evaluation was again conducted at harvest to classify plants with an indeterminate 
growth habit. The evaluation scale to describe growth habit was as follows: 
1) Determinate bush; strong and erect stem and branches 
2) Indeterminate bush habit (erect stems and branches); with guides and ability to climb 
3) Indeterminate bush habit; with weak mainstream and prostrate stem and branches 
4) Indeterminate climber habit with weak, long and twisted stem and branches  




c. Pods per plant (PDPL) 
The number of pods on five randomly selected plants was counted and recorded at harvest. The 
average was then calculated to determine the PDPL for each genotype. . 
d. Flower color (FLCOL) 
The prominent color of freshly opened flowers at flowering (R6) was recorded for 
characterization of the germplasm in the field. Observations for each genotype were recorded 
using the CIAT flower scale of five categories namely: 1) white 2) pink 3) red 4) lavender 5) 
purple (Hannan, 1983). 
3.4.2.3 Physiological traits 
Several measurements related to bean physiology were taken to determine differences in drought 
resistance between genotypes. These include non-destructive measurements related to 
physiological processes such as photosynthetic efficiency, total chlorophyll content, stomatal 
conductance, transpiration rate, leaf temperature, and leaf water potential. The destructive 
measurements that are related to growth and metabolism include leaf area index, canopy dry 
weight per plant (leaf, stem and pod biomass), shoot nutrient (nitrogen and phosphorus) uptake, 
shoot and seed ash content, and shoot and seed total non-structural carbohydrates (TNC). To 
quantify physiological differences between genotypes, a number of both destructive and non-
destructive measurements were taken at the mid-pod filling growth stage. Total chlorophyll 
content and leaf temperature were recorded at mid pod filling while destructive measurements 
related to growth and metabolism (canopy dry weight per plant) were recorded at both mid pod 
filling and harvest (Polania et al., 2012;  Polania et al., 2016). 
a. Non-destructive measurements 
i) SPAD Chlorophyll Meter Readings (SCMR) 
Chlorophyll content (SCMR) was measured using a non-destructive, hand-held chlorophyll 
meter (SPAD-502 Chlorophyll meter) on a fully expanded young leaf of a randomly chosen 
plant. SPAD-502 measured the chlorophyll content available in the leaf using the blue (400-500 
nm) and red (600-700 nm) solar radiation absorbance peaks. Only the absorbance in the red and 
near-infrared wavelengths was registered by SPAD-502 and is used to determine the amount of 
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chlorophyll available in the leaf. These SPAD (Soil Plant Analysis Development) measurements 
were taken once at mid-pod filling 45 days after planting. . 
ii) Canopy temperature 
Canopy leaf temperature was taken on a fully expanded leaf (the same leaf where SCMR was 
measured) at mid-pod filling in the morning and afternoon. The measurements were taken. An 
infrared thermometer (Telatemp model AG-42D, Telatemp, Fullerton, CA, USA) was held at 50 
cm from the canopy surface in a 45° angle in order to measure the canopy temperature (CT). 
 
b. Destructive measurements 
i. Canopy biomass components 
Canopy biomass and its components were measured in all trials at both mid-pod filling (MPF) 
and harvest. At mid-pod filling, 0.5m of the first row was selected for destructive sampling. The 
number of plants sampled was recorded and stems were cut at the soil surface. Plants were then 
separated into leaves, stems and reproductive structures. Separated components were then placed 
in labeled paper bags and dried in an oven at 60°C for 48 hours. Fresh samples were then 
weighed and the dry weights (pod biomass, stem biomass and leaf biomass) recorded for each 
genotype. 
The same process was repeated at harvest; however, the plants were separated into stems, pods 
and seeds. Stems, pods and seeds were dried in the oven at 60°C for 48 hours to determine the 
dry weight. Dry weights for pod biomass, pod wall biomass and stem biomass were recorded. 
These weights were further used to calculate drought indices and partitioning indices (Polania et 
al., 2012; Asfaw et al., 2012). 
ii. Seed yield and 100 seed weight 
At harvest, the remaining plants for each genotype were harvested and the seeds separated to dry 
under ambient conditions. Moisture content of the drying seed was monitored using a seed 
moisture meter until seeds reached moisture content of 14%. A hundred seed weight for each 
genotype was then determined by measuring the weight of 100 seeds. The remaining total seed 





iii) Drought indices and partitioning indices 
a. Drought intensity index (DII) 
The drought intensity indices were calculated for both experiments according to Fischer and 
Maurer (1978). DII was used to compare the drought stress between two or more experiments 
based on effects of drought on mean yield from each experiment. DII values below/above 0.49 
indicate moderate drought and those exceeding 0.7 indicate severe drought. It is calculated as: 
DII = (1-Xs/Xi) where, Xs is the grand mean yield of all genotypes grown under drought stress, 
Xi is the grand mean yield of all genotypes grown under optimum conditions. 
b. Drought susceptibility index (DSI) 
Drought susceptibility index was calculated as the change in grain yield of a specific genotype 
under 2 irrigation regimes. The DSI for each genotype = (1 – Yds/Yns)/DII where Yds and Yns 
are mean yields of a given genotype in drought stress (ds) and no stress (ns) treatments 
respectively (Fisher and Maurer, 1978). 
c. Geometric mean (GM) 
Geometric mean was calculated as the average performance of genotypes between non-stress and 
drought stress treatments for a season GM = √ (Ys x Yi) where Ys is yield under the stressed 
treatment and Yi is yield under the non-stress treatment under drought stress conditions)/ (100 
seed dry weight under non-stress conditions) x 100. 
d. Harvest index (HI) 
The HI (%) for each genotype = (seed biomass dry weight at harvest) / (total shoot biomass dry 
weight at mid-pod filling) x 100. 
e. Pod harvest index (PHI) 
Pod harvest index was calculated as the percentage weight of pod that is distributed to seed. The 
PHI (%) for each genotype was calculated as (seed biomass dry weight at harvest) / (pod biomass 
dry weight at harvest) x 100. 
f. Pod wall biomass proportion (PWBP) 
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The pod wall biomass proportion (%) for each genotype was calculated as (pod wall biomass dry 
weight at harvest) / (total pod biomass dry weight at harvest) x 100. 
g. Pod partitioning index (PPI) 
The pod partitioning index (%) for each genotype was calculated as pod biomass dry weight at 
harvest / total shoot biomass dry weight at mid-pod filling x 100.  
h. Stem biomass reduction (SBR) 
The SBR (%) for each genotype was calculated as [(stem biomass dry weight at mid-pod filling) 
– (stem biomass dry weight at harvest)] / (stem biomass dry weight at mid-pod filling) x 100. 
 
3.2.5 Data analysis 
The phenotypic data were initially analyzed separately for each treatment in each season in a one 
way analysis of variance (ANOVA). Phenotypic data were also analyzed across the two 
treatments to compare performance between treatments. All data analysis was done using 
Genstat Discovery Edition version 4 (Lawes Agricultural Trust, Rothamsted, UK). The data was 
also analyzed combined across the two seasons (2014 and 2015). Pearson correlation coefficients 
(r) and regression analysis between grain yield and shoot biomass, days to maturity, seed size 
and physiological traits were calculated for each trial using  
Analysis of variance was done using the restricted maximum likelihood (ReML) mixed model. 
The model for the yield yijk from block i, whole-plot j, subplot k is 
γijk = μ + vr + as + vars + bi + wij + εijk + LEE where the fixed part of the model consists of μ the 
overall constant (grand mean), vr the main effect of genotype r (where r is the variety assigned to 
unit ijk), as the main effect of irrigation s (where s is the irrigation regime applied to ijk).. The 
random model terms are bi the effect of block i, wij the effect of whole-plot j within block i, and 
εijk the random error (i.e. residual) for unit ijk (which here is the same as the subplot effect, since 
the subplots are the smallest units of the experiment). 




3.3 Results  
3.3.1 Weather parameters from the field evaluation experiments from Kawanda  
All the experiments experienced different levels of intra-seasonal droughts during various stages 
of development (Figures 3.1). 
 
Figure 3.1: Rainfall (mm) and average temperature (°C) in the off-seasons of 2014 and 
2015 
The rainfall patterns in Kawanda in both growing seasons were highly sporadic subjecting the 
experiment to intermittent drought rather than a more typical terminal drought. Accordingly, the 
drought stress was more severe in 2014 than in 2015 as revealed by the total cumulative rainfall 
per season and the drought intensity index (DII). Total cumulative rainfall received in the field 
experiments was 177.9mm and 325mm in the 2014 and 2015 growing seasons, respectively. In 
contrast DII was 0.775 and 0.415 in 2014 and 2015 respectively (Table 3.2).  
 
Table 3.2: Drought Susceptibility Indices (DII) calculated for 2 seasons at Kawanda 
Season 2014b 2015a Both seasons 
DII* 0.78 0.42 0.52 




The precipitation levels in 2014 were below optimum levels for maximum production in 
common bean (300-500mm); however disease incidence in 2014 might have amplified yield 
losses under the drought treatment (Table 3.3). 
 
Table 3.3: Disease incidence in the field during the evaluations of 2014 
Disease Stress level 
 
Drought stress Non stress 
Angular leaf spot (ALS) 39.9 30.7 
Common bacterial blight (CBB) 26.3 33.6 
Anthracnose (ANTH) 17.4 17.1 
Bean rust 26.2 25.7 
Bean common mosaic virus (BCMV) 14.1 33.1 
Bean common mosaic necrotic virus 
(BCMNV) 10.6 _ 
Furthermore, high temperatures might also have augmented the effects of drought in 2014 and 
2015 respectively. Average temperatures were higher than the optimum range for bean growth 
(15.6°C-21.1°C) in both seasons (22.2°C and 24.5°C in 2014 and 2015 respectively). Although 
the cumulative rainfall in 2015 was well within the optimum levels, most of the rainfall was 
received after yield formation stages and therefore had minimal impact (Figure 3.2). 
 
 
Figure 3.2: Percentage distributions of rainfall (mm) during the growth phases, A; 
establishment and vegetative phase (0-30 DAPs), B; reproductive and yield formation 




3.3.2 Field performance of the F5 RIL (BRB/SEQ) population evaluated in 2014 and 2015  
Yield was significantly affected by all sources of variation (P<0.05) (Table 3.4). However, 
seasonal effects contributed more than 50% to variation (data not shown). This could have been 
due to the extreme differences in drought intensity observed between the two seasons. A hundred 
seed weight was not significantly affected by GxE effects and season by genotype by 
environment interactions (Table 3.4). Therefore, seed weight could be a more efficient and stable 
tool in selection compared to seed yield (Schneider et al., 1997) 
Variations due to season by genotype by irrigation regime interactions (Sn.Gen.Irr) significantly 
affected (P≤0.05) all traits except chlorophyll content, canopy temperature, 100 seed weight  and 
stem biomass reduction  (Table 3.4). On the other hand, season by irrigation regime interactions 
(Sn.Irr) significantly affected (P≤0.05) all traits except stem biomass at harvest (SBH). These 
effects were to be expected considering that drought intensity between seasons was significantly 
different and irrigation regimes were also significantly differentiated. However, partitioning 
indices were not significantly affected by season by genotype interactions (Table 3.4). The 
stability of the genetics of these traits across seasons highlights their importance in selection for 
increased yield potential. However, it should be noted that all traits remained stable under G x E 
interactions (genotype by environment) except for yield, pod harvest index (PHI) and pod wall 
biomass proportion (PWBP) (P<0.001). This validated these three phenotypic traits as probable 
tools for selecting for stable sources of drought tolerance. 
Effects due to irrigation regime (Irr) significantly affected all measured traits in this study 
excluding harvest index (HI) and stem biomass reduction (SBR) (Table 3.4). However, canopy 
temperature (CT) was the only trait that insignificantly differentiated among genotypes 
(P=0.662); field evaluations are often affected by surrounding temperature and humidity thus 






Table 3.4: Means squares and levels of significance for 17 traits evaluated in the field 


























































































































 11041.7** 17288.4*** 
Error 1062 11413 1823 3327 0.18 36.2 626.5 31.1 40.3 
LEE 1080 23535.1 3696 6737.5 0.37 73.3 1272 63.5 81.2 
Total 2760 63258926 2762795 4962995.4 276.3 105898.1 2222619.6 96897.9 138896.9 
Source Df PWH PHI 100SW PWBP SBR PBMP SCMR CT 
Sn 1 4830
**
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 12929*** 12554.4*** 12930.1*** 13592
 ns
 1105544*** 33071.1*** 18334.5*** 


























 7762.8*** 218.72** 178751*** 242336*** 40955.3*** 49770.1*** 
Sn.Gen.Irr 139 25945.8
**
 52.65*** 133.1 52.65*** 4146 167362.6** 5734.5
 ns
 41273.7 
Error 1062 66.3 32.67 120.8 32.67 3713 420.4 17.1 72 
LEE 1080 133.5 
 
   
862.6 34.3 291.1 






 P≤0.001, ns; non-significant, Source – Source of Variation; Sn – Season; rep- Replication, Gen – 
Genotype; Irr – Irrigation; LEE – Lattice Effective Error.  
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3.3.3 Variation of interactions between the growing seasons of 2014 and 2015 in the field 
Genotype by irrigation regime interactions (Gen.Irr) significantly (P<0.05) affected eight (8) 
traits in 2014 and thirteen (13) traits in 2015 (Table 3.5). A number of traits were significantly 
affected by G x E interactions in 2015 and not significantly affected in 2014 and vice versa. 
These contradictions across seasons could have been due to differences in the intensity, duration 
and timing of drought in the field. It should be noted that partitioning indices were all 
significantly affected by G x E interactions in 2015. Nevertheless, pod harvest index, pod wall 
biomass proportion and stem biomass reduction were insignificantly affected by G x E 
interactions in 2014. Accordingly, these findings confirm the importance of photosynthate 
remobilization in selection for drought tolerance as found by other authors (Beebe et al., 2008).  
 
Also, seven (7) traits were significantly affected by genotype by irrigation effects in both 2014 
and 2015 (P<0.05) (Table 3.5); these included seed yield, harvest index, pod partitioning index , 
leaf biomass at MPF, stem biomass at MPF and pod biomass at MPF.  Nevertheless, 100 seed 
weight, chlorophyll content and pod wall biomass at harvest were not significantly affected by G 
x E interactions during both seasons. This demonstrated their stability under drought stress in the 
field. 
 
Irrigation regime effects (Irr) significantly (P<0.05) affected all traits evaluated in the field 
except for harvest index (in both seasons) and pod partitioning index (remains stable in 2014).  
Results showed that phenological traits (days to flowering and days to physiological maturity  
were significantly affected by the G x E interaction, differences in drought stress level and 




Table 3.5: Effect of drought stress on traits evaluated under field conditions at Kawanda in 2014/ 2015   
    2014         2015       
Trait NS Mean DS Mean SEM (Irr) effects (G x E) NS Mean DS Mean SEM (Irr) effects (G x E) 
Yield 294 67.1 5.6 *** *** 371.3 217.3 6.6 *** * 
100 Seed weight 45.1 35.3 0.7 *** Ns 48.2 47.01 0.26 ** Ns 
Pods per plant 18 8 0.3 *** Ns _ _ _ _ _ 
Harvest index 69.2 64.2 2 Ns * 73.2 79 2.24 Ns * 
Pod harvest index 75.3 69 0.26 *** Ns 77.7 72.89 0.3 *** *** 
Pod partitioning index 92.2 92 2.7 Ns * 94.2 107.6 2.98 *** ** 
Pod wall biomass 
proportion 
24.74 31 0.26 *** Ns 22.3 27.11 0.3 *** *** 
Stem biomass reduction 13.3 -13.1 4.2 *** Ns -9 5.9 2.99 *** * 
Yield production efficiency 0.7 0.6 0.02 Ns * 0.7 0.79 0.02 Ns * 
SCMR (Chlorophyll 
content) 
38.6 37.8 0.3 * Ns 32.6 45.86 0.18 *** Ns 
Canopy temperature 33.6 31.5 0.58 ** Ns 24.3 33 0.08 *** *** 
Leaf biomass at MPF 14.8 7.1 0.25 *** ** 9.7 14.11 0.3 *** Ns 
Stem biomass at MPF 16.6 7.5 0.33 *** * 19.5 16.6 0.4 *** ** 
Pod biomass at MPF 33.1 14 0.5 *** * 89.9 37.27 1.35 *** * 
Total shoot biomass at MPF 64.5 28.6 1.2 *** * 119 67.8 1.8 *** * 
Stem biomass at Harvest 13.4 7.1 0.3 *** Ns 19.2 12.68 0.4 *** * 
Pod biomass at Harvest 55.6 22.6 0.82 *** Ns 99.9 61.5 2.2 *** *** 
Pod wall biomass at Harvest 13.8 6.6 0.26 *** Ns 22.2 16.5 0.5 *** Ns 
Days to flowering 39 34 0.3 *** *** _ _ _ _ _ 
Days to physiological 
maturity 










3.3.4 Performance of higher yielding RILs, experimental checks and parental lines  
  
Better performing lines were selected based on their percentage yield reductions (PR) under 
drought stress, geometric means (GM) of yield and drought susceptible index (DSI). Average 
yield reductions in the BRB/SEQ were 76.6% and 37.4% in 2014 and 2015 respectively. 
Similarly, number of pods per plant was reduced by 55.6% under field conditions. 
 
Table 3.6: Geometric means for seed yield and 100 seed weight, percentage yield reductions 
and drought susceptibility indices of selected cultivars at Kawanda in 2014/ 2015 
 2014 2015 
Genotype Yield
GM
 PR (yield)% DSI Yield
GM
 PR (Yield)% DSI 
SEQ1027 222.5 57.9 0.46 440.3 37.3 -0.49 
BRB191 358.6 -25.7 -0.61 302.9 56.4 -0.04 
Line 114 252.9 49.5 0.35 372.1 19.1 -0.93 
Line 91 211.6 56 0.44 267.5 -46 -2.48 
Line 41 236 61.1 0.5 332.6 7.3 -1.21 
Line 27 187 49.6 0.35 183.1 18.9 -0.93 
Line 9 234.4 41.2 0.25 384.6 31.9 -0.62 
Line 19 173.8 60.5 0.49 383.6 50.2 -0.19 
Line 117 235.8 64.2 0.54 357.7 27.3 -0.73 
Diacol Calima 140.2 62.1 0.51 197.9 78.7 0.49 
DAB494 46 84.4 0.8 153.8 80.6 0.56 
SEQ1003 67.1 81.2 0.76 179.2 21.7 -0.86 
SCR9 129.9 88.5 0.85 222.2 -9.6 -1.61 
DAB441 88.7 73 0.65 71.8 67.1 0.21 
NABE4 141.4 79.5 0.73 113.5 56.5 -0.04 
CAL96 0 100 1 33.9 26.7 -0.74 
BAT477 227 57.9 0.46 380 61.9 0.09 
Average 132.7 76.6 0.7 277.3 37.4 -0.49 
Range 0 – 358.6 -26 – 100 -0.61 - 1  33.9 – 492 -119 – 91.4  -4.22 - 0.8 
PR (yield) % - Percentage reduction in yield due to drought stress, Yield
GM
– Geometric mean for 




Geometric means (GM) for seed yield ranged from 0 to 358.6 grams and 33.9 grams to 491.5 
grams with averages of 132.7 and 277.3 in 2014 and 2015, respectively (Table 3.6).  
Seven (7) lines were identified as better performing based on their superiority in GM for seed 
yield, drought susceptibility index and percentage reductions in yield under drought stress; these 
included RILs 114, 91, 41, 27, 9, 19 and 117 (Table 3.6). Parental lines (and SEQ 1027) had 
above average geometric means in both seasons, but BRB 191 had the highest geometric mean in 
2014 (Table 3.6). However, RILs 9, 114 and 117 had lower than average DSI in both seasons 
(Table 3.6). Furthermore, BRB 191 had an increase in yield under drought stress (25.7%) in 
2014 (Table 3.6).  
The number of recombinant inbred lines (RILs) that had above average GM were sixty four (64) 
and seventy nine (79) out of 128 recombinant inbred lines in 2014 and 2015, respectively (Figure 
3.3). However, average drought susceptibility index was significantly different between seasons; 
0.7 and -0.5 in 2014 and 2015, respectively.  
 
Figure 3.3: Frequencies for geometric mean for seed yield for the BRB 191/ SEQ 027 
recombinant inbred line population at Kawanda in 2014/ 2015 
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Recombinant inbred lines 9, 114 and 117 were found to have lower than average DSI in both 
seasons (Figure 3.4). CAL 96 had the lowest geometric mean and highest percentage reductions 
in both seasons (Figure 3.4). SEQ 1027 had an above average geometric mean in both seasons 
although BRB 191 had the highest geometric mean in 2014. Furthermore, BRB 191 had an 














Figure 3.4: Geometric means for seed yield of parental lines, checks and better performing 
lines of the BRB 191/ SEQ 1027 population under field conditions of 2014/ 2015 
 
3.3.5 Correlations between seed yield and traits evaluated under field conditions at 
Kawanda in 2014/ 2015 
Seed yield was highly correlated to 100 seed weight and under drought stress in both seasons 
(r=0.35. 0.33 in 2014 and 2015, respectively; P≤0.001) (Table 3.7).  
In general, highly significant and mostly weak correlations (r≤0.3, P≤0.001) were observed 
between yield and all partitioning indices (except stem biomass reduction (SBR) under non-
stress conditions in 2014. Inconsistent correlations were observed between seed yield and 
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partitioning indices across the two field seasons. However, no significant correlations were 
observed between seed yield all partitioning indices under non-stress conditions of 2015 (Table 
3.7). 
Table 3.7: Pearson’s correlation coefficients between seed yield and traits evaluated under 
both non-stress and drought stress regimes at Kawanda in 2014/ 2015 
 
2014 2015 
Traits NS DS NS DS 
Yield components 
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 – non-significant, NS; non stress, DS; drought stress 
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Specially, harvest index (HI) and pod partitioning index (PPI) had the highest correlations with 
yield under non-stress conditions in 2014. Furthermore, significant correlations were observed 
between these traits (HI and PPI) with seed yield under drought stress conditions as well.  
Correlations between yield and physiological traits; SCMR and canopy temperature were weak 
and insignificant. However, there was a highly significant positive correlation between yield and 
canopy temperature in 2015 (r=0.35, P≤0.001) under drought stress conditions (Table 3.7). Put 
table here 
 
In general, there were highly significant and moderate correlations (r≥0.25, P ≤ 0.001) observed 
between pod partitioning indices and canopy biomass components leaf biomass, pod wall 
biomass at harvest, pod biomass at harvest and MPF, seed biomass at harvest and stem biomass 
at MPF in 2014 and 2015 (Table 3.8). On the other hand, there were highly significant 
correlations but weak (r≥0.25, P ≤ 0.001) between pod harvest index and pod biomass at harvest 







Table 3.8: Correlation coefficients between selected traits under non-stress and drought stress (top diagonal in 
bold) at Kawanda in 2014/ 2015 
2014b 
 
YIELD  HI  LB PDPL  PHI  PPI  PWBP  PWH  PBH  PBMP  SDH  SBH  SBMP 
HI 0.28 1    -0.26 0.06 0.26 0.99 -0.26 0.32 0.42 -0.29 0.44 0.16 -0.27 
LB 0.11 -0.37 1 0.29 0.04 -0.28 -0.04 0.41 0.44 0.64 0.42 0.52 0.79 
PHI 0.20 0.12 0.03 0.02 1    0.15 -1.00 -0.04 0.28 0.09 0.40 0.09 0.06 
PPI 0.25 0.98 -0.36 0.15 -0.07 1 -0.15 0.38 0.41 -0.31 0.41 0.15 -0.30 
PWBP -0.20 -0.12 -0.03 -0.02 -1.00 0.07 1    0.04 -0.28 -0.09 -0.40 -0.09 -0.06 
PWH 0.32 0.46 0.09 0.23 -0.50 0.59 0.50 1 0.91 0.42 0.82 0.66 0.37 
PBH 0.51 0.66 0.09 0.29 0.01 0.67 -0.01 0.82 1    0.46 0.98 0.71 0.41 
PBMP 0.21 -0.41 0.35 0.09 0.14 -0.43 -0.14 0.09 0.19 1 0.45 0.35 0.61 
SBH 0.33 0.53 0.08 0.27 0.00 0.52 0.001 0.59 0.76 0.07 0.75 1    0.59 
SBMP 0.26 -0.30 0.71 0.23 0.07 -0.31 -0.07 0.19 0.27 0.49 0.28 0.28 1    
2015a 
 
YIELD  HI  LB  PBH  PHI PPI  PWBP  PWH  PBMP  SDH SBH  SBMP TSBMP 
HI 0.13 1    -0.35 0.56 0.21 0.99 -0.21 0.37 -0.44 0.59 0.26 -0.35 -0.47 
LB 0.28 -0.25 1    0.22 -0.05 -0.35 0.05 0.22 0.45 0.20 0.23 0.68 0.74 
PBH 0.41 0.47 0.19 1    0.08 0.56 -0.08 0.86 0.20 0.97 0.57 0.20 0.24 
PHI 0.12 0.16 0.02 0.02  1   0.10 -1.00 -0.34 -0.04 0.26 0.04 -0.08 -0.06 
PPI 0.12 0.98 -0.26 0.48 0.00 1    -0.10 0.43 -0.43 0.56 0.26 -0.34 -0.47 
PWBP -0.12 -0.16 -0.02 -0.02 -1.00 0.00 1    0.34 0.04 -0.26 -0.04 0.08 0.06 
PWH 0.31 0.24 0.15 0.73 -0.60 0.36 0.60 1    0.22 0.72 0.48 0.22 0.26 
PDMP 0.21 -0.55 0.36 0.26 -0.01 -0.56 0.01 0.20  1   0.17 0.15 0.51 0.91 
SBH 0.31 0.30 0.33 0.72 0.00 0.31 0.00 0.52 0.15 0.69 1    0.26 0.23 
SBMP 0.33 -0.40 0.60 0.25 0.06 -0.41 -0.06 0.14 0.69 0.26 0.43 1    0.79 
LB; Leaf biomass at mid pod filling (LB), PBMP; Pod biomass at MPF, SBMP; Stem biomass at MPF, TSBMP; Total 
shoot biomass at MPF, SBH; Stem biomass at Harvest, PWH; Pod wall biomass at Harvest, PBH; Pod biomass at 











3.3.6 Regression analysis 
A stepwise multiple linear regression analysis was conducted to estimate the effects of selected 
traits on grain yield for each season and irrigation regime at Kawanda. 
Regression sums of squares were highly significant (P≤0.001) for both seasons in all treatments 
(Table 3.9). Overall, the regression model explained 33.3% and 62%  and 7.5% and 41.3%  
under non-stress and drought stress conditions in 2014 and 2015, respectively (Table 3.9).  




Water regime s.s % explained s.s % explained 
Non-stress 1918923*** 33.3% 1001402*** 7.5% 
Drought stress 11815629*** 62.0% 3520985*** 41.3% 









Harvest index (HI), 100 seed weight (100SW), leaf biomass, pod biomass at harvest and stem 
biomass at mid-pod filling contributed significantly (P≤0.01) to the regression model in three (3) 
environments. However, leaf biomass presented the highest average contribution to the model 
with a percentage contribution of 22.8% and 10.7% in the drought stress trials during 2014 and 











Table 3.10: Percentage contribution to variation of selected traits in the regression model at 
Kawanda in 2014/ 2015 
 
Contribution to variation (%) 
 2014b 2015a 
Trait NS DS NS DS 
Pods per plant 3.7
*** 









Pod harvest index 2.4
*** 
- - - 















- - - 
Canopy temperature - - - 10.2
***
 

















































The kind of drought stress expressed in the field was mainly terminal drought stress and 
intermittent stress. Breeding using specific strategies to avert yield losses due to drought is 
important. The amount of rainfall received in both growing seasons (2014 and 2015) at Kawanda 
was below optimum levels for bean production (350-500mm). As such the drought intensity 
induced in the field was optimum to evaluate for drought tolerance. However, there was more 
rainfall received in 2015 despite higher temperatures experienced in this season. Accordingly, 
yield reductions in the BRB/SEQ population were less pronounced in 2015 than 2014. These 
findings agree with findings from other studies where there was increased yield under cooler 




However, differences in the amount and patterns of rainfall between seasons made it difficult to 
identify stable traits underlying drought tolerance across environments. Nevertheless, the study 
helped in identifying a few key traits associated with broad adaptation since the weather patterns 
experienced in this study are also common in bean growing areas in Uganda.  
 
Drought tolerance in common bean has been defined in terms of the capacity to produce grain 
yield despite drought conditions (Ramirez-Vallejo and Kelly 1998; Blair et al., 2012). As such 
grain yield offers the most practical way to screen and select drought tolerant common bean 
genotypes (Teran and Singh, 2002). The impact of drought on yield was evident on number of 
pods per plant, 100 seed weight and dry matter accumulation. It should however be noted that 
reduction in grain yield was more pronounced in 2014 than in 2015 due to the higher drought 
intensity expressed in 2014. According to Porch et al (2009), Duration and intensity of drought 
stress in common bean significantly determines the level of grain yield reduction. Major 
reductions in yield and its components due to drought in the common bean have been reported in 
other studies (Rosales-Serna et al., 2004; Lizana et al., 2006; Emam et al., 2010; Mukeshimana 
et al., 2014). However, the extent of yield reductions between different studies is controlled by 
both environmental and genetic factors (Rao and Hodgkin, 2002). 
According to Farooq et al (2009), yield reductions in drought studies are inevitable especially 
when there is a decrease in plant fresh and dry weights. As observed earlier with yield, 
reductions in canopy biomass components were still more pronounced in 2014; this could have 
been due to higher drought intensity. Furthermore, incidence of disease observed in the field 
such as Angular leaf spot, Anthracnose, Common bacterial blight and Rust) could have masked 
the extent of both canopy biomass and yield reduction. Diseases mask the expression of the 
desired drought tolerance traits making it difficult for breeders to identify superior genotypes 
under drought stress. Therefore, breeding for multiple constraint resistance including disease-
drought interaction studies would produce more stable drought resistant genotypes in common 




Variations in drought induced in the field caused contradictions in the response of evaluated 
traits to drought related interactions between seasons. However, some of the sensitivity of bean 
traits to environmental stress is not necessarily imposed by the environment but rather is an 
active survival response of the plant to stress (Beebe et al., 2008).  
 
Chlorophyll content, canopy temperature, 100 seed weight and stem biomass reduction were 
found to be the most stable traits/ parameters across the highest level of interactions (season by 
genotype by irrigation regime interactions). Furthermore, these four traits were significantly 
differentiated amongst genotypes coupled with significant positive correlations and seed yield in 
different field environments. These characteristics therefore proved them as useful tools for 
selection for drought tolerance under drought stress (Talebi, 2011; Asfaw et al., 2012). 
 
Although canopy temperature was stable under G x E, it was non-significantly differentiated 
among genotypes probably indicating that CT is highly dependent on external environmental 
factors which could mask genetic variation. Cooler temperatures in drought stressed plants 
indicate maintenance of plant water status associated with drought tolerance in the common bean 
(Blum, 2009; Beebe et al., 2010).  
On the other hand, chlorophyll content was significantly differentiated amongst genotypes and 
was correlated to drought stress under non-stress conditions of 2014. Furthermore, better 
performing line 114 and drought tolerant experimental checks BAT 477, DAB 441 and DAB 494 
were found to have higher chlorophyll content under drought stress conditions in this study. 
Accordingly, chlorophyll content could be considered as a reliable indicator in screening 
germplasm for drought tolerance as other studies have reported (Li et al., 2006; Zaefyzadeh et 
al., 2009). Nonetheless, selection using a combination of traits like canopy temperature, 





Leaf biomass at mid pod filling, pod partitioning index, chlorophyll content and stem biomass 
reduction remained significantly stable across seasons despite extreme variations in drought 
intensity across seasons. Additionally, PPI and HI were also stable under G x E interactions with 
positive correlations with yield under stress conditions. These results indicated that drought 
tolerance in this population could have been due to the ability of genotypes to remobilize 
photosynthates into yield during drought stress. Photo-assimilate remobilization is one of the 
characteristics indirectly selected during the development of drought resistant cultivars (Rosales-
Serna et al., 2004; Miklas et al., 2006). 
The outstanding performance of SBR and PPI in this study was important because it confirmed 
increased reservation of photosynthates as measured by SBR, and the successful transformation 
of these photosynthates into pod as measured by the PPI.  However, some studies have reported 
increased photosynthate remobilization with no direct effect on yield, a phenomenon known as 
the ‘lazy pod syndrome’ (Beebe et al., 2009). Nevertheless, increased pod partitioning index 
(PPI) and stem biomass reduction (SBR)  in this study highlighted the importance of 
photosynthate remobilization in maintaining yield potential under drought was confirmed as 
other previous studies had postulated (Assefa, 2015; Klaedtke et al., 2012; Rao et al., 2013;).  
In conclusion, selection using a combination of drought related traits like photosynthate 
remobilization, seed weight, canopy biomass, and chlorophyll content will positively impact 




CHAPTER 4  
Study I (b): Greenhouse evaluation of drought related traits in the F5 RIL Andean Intra-
gene cross population (BRB 191 x SEQ 1027)  
4.1 Introduction 
The development of drought-adapted common bean cultivars is the most effective control 
measure for mitigating effects of drought on bean yields. Also, identification of key plant traits 
and mechanisms that contribute to improved drought adaptation will increase the proficiency of 
breeding programs through the selection of superior genotypes. This greenhouse experiment was 
carried out to confirm the usefulness of physiological traits evaluated in field in conferring 
drought tolerance properties. Also, the greenhouse experiment availed opportunity to evaluate 
traits (e.g. rooting characteristics) that were quite difficult to evaluate under field conditions. 
Phenotyping of rooting characteristics has been reported to be difficult, labor intensive and time 
consuming especially under field conditions. Therefore the practicality of rooting characteristics 
in conferring drought tolerance in the BRB/SEQ population was also assessed. Greenhouse 
studies of tepary bean root systems reveal extremely fine roots that penetrate soil quickly and 
branch profusely to access inadequate soil water reserves (Butare et al., 2011). For example, 
BAT477, a CIAT bred line, has been reported to have high yield under water stressed conditions 
due to its deep rooting ability (Rao 2001; Beebe et al., 2010). Accordingly, modifications of root 
systems through breeding and selection of beneficial root traits can offer part of the solution to 
improving common bean productivity under drought stress (de Dorlodot et al., 2007).  
The sub-objectives of study II were to: 
 To identify better performing RILs within the BRB/SEQ population and the mechanisms 
behind their drought tolerance.  
 Determine the role of root characteristics in improving yield under water stressed 




4.2 Materials and methods 
4.2.1 Description of study site 
The study was conducted in a CIAT greenhouse at National agricultural research laboratories 
(NARL), Kawanda. NARL is located 13Km north of Kampala city along Bombo road at an 





C (minimum) with a relative humidity of 76.3%. 
4.2.2 Germplasm used in the study 
A recombinant inbred line population consisting of 128 lines developed from Andean cultivar 
BRB 191 (a source of the bc3 gene) and drought tolerant SEQ 1027, were evaluated with eight 
checks under both non-stress and drought stress conditions in Kawanda.  The checks used in this 
study included Diacol Calima, DAB 494, SEQ 1003, SCR 9, DAB 441, NABE 4, CAL 96 and 
BAT 477. The characteristics of parental lines and experimental checks used in the study are 
described in chapter 3 (Table 3.1). 
4.2.3 Experimental procedure 
Soil was collected from a bean growing field site and mixed with sand to form a soil: sand 
mixture in a 2:1 proportion by weight (Polania et al., 2012). Sand was included to induce 
drought treatment faster than with soil alone. The soil was fertilized with adequate level of 
nutrients using NPK. The soil-sand mixture was poured into plastic and transparent 2 liter pots of 
15cm diameter and 100cm height with 3 small holes at the bottom to allow drainage. The pots 
were filled to the brim with the soil-sand mixture. Pots were weighed to determine the average 
weight of the soil-sand mixture in each bucket and the amount of water held by the soil at field 
capacity (Butare et al., 2011; Beebe et al., 2008). Five randomly chosen pots were weighed and 
the empty weight of the pot was subtracted to determine the average weight of the soil-sand 
mixture in each pot. This weight depended on the bulk density of the soil-sand mixture and 




the draining stopped, the pots were weighed and the average taken to determine the amount of 
water held by the soil at field capacity. The average was recorded at 490.2 g of water. Seeds 
were sterilized with a solution of 5% calcium hypochlorite for 5 minutes to reduce exposure bean 
disease pests and placed on germination paper under ambient conditions for 2 days before 
planting (Makunde, 2013). One seedling was then planted in the center of each pot. 
4.2.3.1 Layout of the experiment 
Germplasm was evaluated using a randomized complete block design (RCBD) replicated three 
times under non-stress and drought stress conditions. Each replication had 10 blocks consisting 
of 14 genotypes (pots). For the first 10 days after planting, both plots (non-stress and drought 
stress) were watered so that the soil moisture levels stabilised at 80% field capacity. The non-
stressed trial was frequently irrigated to maintain field capacity at 80%. The soil moisture levels 
were monitored using soil moisture sensors. 
4.2.4 Data collection 
Data was collected during the physiological development of the crop and 45 days after planting 
(DAP). A combination of shoot and root traits was measured in order to determine variation of 
traits under drought stress and non-stress conditions (Mukeshimana et al., 2014b). 
4.2.4.1 Data collection during physiological development of the crop 
 
i. SCMR Chlorophyll Meter Readings 
A non-destructive, hand-held chlorophyll meter was used to measure chlorophyll content at mid-
pod filling stage. The SCMR readings were taken at three separate stages on a fully expanded 
leaf at; 10 days after planting (DAP) (first trifoliate appeared), 32 DAP (at flowering) and 45 
DAP (mid-pod filling) (Mascarello et al., 2016) 




Canopy temperature was determined using an infrared temperature meter on the same leaf where 
chlorophyll content was measured. The procedure used in the greenhouse was the same as that 
used in the field trials. These measurements were taken at 12:00hrs and recorded twice i.e. 10 
DAP and 32 DAP (at flowering) (Hoyos-Villegas et al., 2017; Ambachew et al., 2015). 
iii. Stomatal conductance 
Stomatal conductance to water vapor was measured with a portable leaf porometer. Stomatal 
conductance (SCOND) was measured on a fully expanded young leaf of three different plants 
within each replication (the same leaf where SCMR was measured). The porometer measured the 
water vapor flux from the leaf surface to the atmosphere. A fixed diffusion path is fixed to the 
surface of the leaf, and the vapor flux is determined from the vapor pressure gradient in the 
diffusion path and the known vapor conductance through the fixed path (Eslamian, 2014). If the 
vapor flux and the conductance in the diffusion path are known, then the stomatal conductance 
could be easily calculated (Mukeshimana et al., 2014b) 
4.2.4.2 Physiological characteristics 45 days after planting 
i. Pods per plant (PDPL) 
The number of pods on five randomly selected plants was counted and recorded at harvest. The 
average was then calculated to determine the PDPL for each genotype (Mukeshimana et al., 
2014b). 
ii. Leaf length 
Leaf length was determined by measuring the length the midrib of the leaf from the apex to the 
end of the leaf without the petiole. The average length for 3 randomly chosen leaves on the same 
plant was recorded as the leaf length (Ramirez-Builes et al., 2009).  
iii. Canopy biomass components 
All plants were cut at the soil surface and separated into leaves (without petiole), stems, and the 




placed in separate paper bags and oven dried at 60
o
 C for two days. Dry weight distribution i.e. 
leaf biomass (LB), stem biomass (SBH), and pod biomass (PDB) for each genotype was weighed 
(Polania et al., 2017). 
iv. Rooting traits 
Roots were separated from the soil by hand. The length of the tap root (TRL) and the lateral root 
(LRL) were then measured and recorded. Roots were then put in a paper bag for oven drying at 
60
o
 C for 2 days after which and the dry weight was determined for root biomass (TRB).  
v. Drought indices  
The drought intensity index (DII), drought susceptibility index (DSI) and geometric mean for 
seed yield (GM
Y
) were calculated as described in chapter 3. These indicators were also used to 
identify better performing lines in the greenhouse. 
 
4.2.5 Data analysis 
Analysis of variance was done using the GenStat statistical package (Version14). Phenotypic 
data was further analyzed across the two treatments to compare performance between treatments. 
Correlation and regression analysis among parameters was done using Genstat (Version 14).  
The model for any measured variable yijk from block i, whole-plot j, subplot k is 
γijk = μ + vr + as + vars + εijk……………………………………………………………..……Equation 1 
Where the fixed part of the model consists of μ the overall constant (grand mean), vr the main 
effect of genotype r (where r is the genotype assigned to unit ijk), as the main effect of irrigation 
at level s (where s is the irrigation level assigned to subplot ijk) εijk the random error (i.e. 





4.3 Results  
4.3.1 Performance of the F5 RIL (BRB/SEQ) population in the greenhouse at Kawanda 
Number of pods per plant and pod biomass was used to measure yield in the greenhouse since 
the experiments were exterminated before physiological maturity of the crop. Drought stress 
reduced number of pods per plant and pod biomass under greenhouse conditions by 58.3% and 
51.9% respectively (data not shown). Almost all traits except stomatal conductance (SCOND) 
and days to flowering (DF) were not significantly affected by G x E interactions in the 
greenhouse (P≤0.05) (Table 4.1). 
Table 4.1: Levels of significance of means squares for traits evaluated in the greenhouse at 
Kawanda in 2015 
Source Df PDPL PDB DF LL SCOND 
Gen 139 6.99*** 1.27*** 40.44*** 2536
 ns
 3790*** 












Residual 560 5 0.75 172.7 6883 2932 
Total 839 
     Trait 
 




























Residual 560 5.96 17.73 160.8 44.72 24.64 
Total 839 
     Trait 
 




























Residual 560 0.59 4.64 43.53 0.92 1.185 






 P≤0.001, ns; non-significant; Source – Source of Variation, PDPL- 
Number of pods per plant, LL- leaf length, DF- days to flowering, SCMR- chlorophyll content, 
LB- leaf biomass, SBH- stem biomass, RB- root biomass, PDB- pod biomass, TRL (cm) -tap 





The drought intensity index (DII) under greenhouse conditions was 0.58. Drought stress 
significantly affected (P≤0.01) all traits under greenhouse conditions except for root biomass and 
stem biomass. Root biomass was not significantly affected by drought but tap root length and 
lateral root length were both significantly affected (P≤0.001) by irrigation effects. Similarly, 
canopy temperature (CT1) and chlorophyll content (SCMR1) at 10 DAP were not significantly 
affected by drought stress. Number of pods per plant, pod biomass, stomatal conductance and 
days to flowering varied significantly between genotypes (P≤0.001) (Table 4.1). In contrast, all 
other traits were not significantly affected by genotype effects (Table 4.1)  
 
4.3.2 Performance of experimental checks and better performing lines of the BRB/SEQ 
population 
Performance of genotypes was assessed based on their geometric mean for number of pods per 
plant (GM
PDPL
) and drought susceptible indices (DSI). The BRB/SEQ population had a GM
PDPL
 
ranging from 0 and 6.1 with an average of 2.1 (Table 4.2).  However, some of the genotypes did 
not produce any pods under drought stress conditions hence the zero values in GM
PDPL
. The 
average drought susceptibility index (DSI) of the BRB/SEQ population under greenhouse 








Table 4.2: Yield, days to flowering, DSI and biomass components parents, experimental 












       
SEQ1027 0.91 4 6 3 0.51 0.6 0.43 
BRB191 -1.29 2 1 2 0.68 0.46 1 
Better performing lines 
 
      Line 117 0.26 3 5 2 0.8 0.83 0.77 
Line 9 0.07 3 4 2 0.93 1.3 0.7 
Line 116 -0.59 4 4 4 1.5 1.6 1.4 
Line 127 -0.25 3 4 3 0.79 1.4 0.4 
Line 60 -1.98 6 4 6 1.65 1.7 1.6 
Line 49 -0.87 4 4 4 1.4 1.2 1.6 
Line 125 -0.59 4 4 4 1.33 1.4 1.27 
Line 89 -0.72 3 3 3 1.64 1.4 1.9 
Experimental checks 
 
      Diacol Calima  1.29 1 3 1 0.77 1.1 0.53 
DAB494  1.11 3 5 2 1.12 1.87 0.67 
SEQ1003  1.72 0 5 0 0.57 1.23 0.27 
SCR9  1.11 3 5 2 1.66 4.83 0.57 
DAB441  -0.3 6 6 7 2.42 4 1.47 
NABE4  0.69 3 3 2 1.23 1.27 1.2 
CAL96  1.33 2 4 1 0.62 1.93 0.2 
BAT477  1.41 2 4 1 1.16 2.03 0.67 
Average 0.83 2 3 1 0.61 1.04 0.5 
Range 
 






























Negative DSI were an indication that some genotypes performed much better under drought 
stress conditions compared to non-stress conditions (2% of the RILs yielded higher pods per 
plant under drought stress conditions). Better performing lines were selected based on both the 




DAB 441 had the highest geometric mean for pods per plant and lowest DSI among the 
experimental checks (Figure 4.1). BRB191 also had a very low DSI with an above average 
geometric mean. However, SEQ10127 had a very high DSI (0.9) (Figure 4.1). BAT477 and 
SCR9 were found to have the highest GM
RB
 among the experimental checks (1.43 and 1.44 
respectively) (Figure 4.1).  
 
Figure 4.1: Drought susceptibility index (DSI), Geometric means for number of pods per 
plant (GMPDPL) and geometric mean for pod biomass (GMPDB) of parental lines, checks 






4.3.3 Correlations among traits under non-stress and drought stress conditions in 
greenhouse conditions at Kawanda 
Canopy biomass components and root biomass all had positive moderate and highly significant 
correlations (r≥0.3; P≤0.001) with number of pods per plant under both irrigation regimes in the 
greenhouse (Table 4.3). Furthermore, biomass components had strong highly significant 
correlations (r≥0.3; P≤0.001) with pod biomass under both irrigation regimes (Table 4.3).  
While leaf biomass was strongly and significantly correlated to number of pods per plant in the 
greenhouse, no significant correlations were detected between chlorophyll content and this yield 
component (PDPL). Conversely, canopy temperature (CT2) was significantly and negatively 
correlated to number of pods per plant and canopy biomass components under both irrigation 
regimes. Furthermore, canopy temperature (CT2) had highly significant and negative 
correlations (P≤0.001) with total root biomass (TRB) and lateral root length (LRL) under 
drought stress conditions. Stomatal conductance had highly significant but weak correlations 








Table 4.3: Pearson’s correlation coefficients among traits measured under non-stress (top diagonal in bold) and 
drought stress conditions in the greenhouse at Kawanda in 2015 
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 -0.02 0.04 0.04 -0.09 
TRL -0.02 -0.09 -0.15
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 0.05 - -0.04 -0.07 0.08 -0.06 0.001 
CT1 -0.08 -0.1
**
 -0.03 0.02 0.02 -0.05 -0.03 0.14
**











 -0.04 -0.07 -0.18
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 - 0.05 -0.06 -0.13 
SCMR1 -0.03 -0.07 0.05 0.01 -0.02 0.07 0.06 0.023 0.002 0.15
**
 0.04 - 0.03 -0.04 































 P≤0.001, plain numbers – non- insignificant. 
PDPL; Pods per plant, PDB; Pod Biomass, TRB; Root biomass, SBM; Stem biomass, LB; Leaf biomass, DF; Days to 
flowering, CT1; Canopy temperature at 10 DAP (days after planting), CT2; Canopy temperature at 32 DAP, SCOND; 
Stomatal conductance, SCMR1; Chlorophyll content at 10 DAP, SCMR2; Chlorophyll content at 32 DAP, SCMR3; 






4.5.4 Effects of selected traits on number of pods per plant  
A stepwise multiple linear regression analysis was conducted to estimate the effects of selected 
traits on the number of pods per plant (PDPL) under both irrigation regimes in the greenhouse. 
Regression sums of squares were highly significant (P˂0.001) under both irrigation regimes with 
the regression model explaining 52.9% and 40.4% variation in PDPL under drought stress and 
non-stress environments, respectively (Table 13). 
Table 4.4: Regression model of pods per plant under drought stress and non-stress in the 
greenhouse at Kawanda in 2015 
Drought stress Non stress 
Source Df s.s. F pr. % explained Source Df s.s. F pr. % explained 
Regression 8 675.9 <0.001 52.9% Regression 8 1117 <0.001 40.4% 
Residual 384 601.3 
  
Residual 376 1647 
 
 
Total 392 1277.2 
  
Total 384 2763 
 
 
Source of variation, regression; regression model, df; degrees of freedom, s.s.; sums of squares; 
F pr; F probability, % explained; percentage explained by regression model 
 
 
Canopy temperature at 32 days after planting (DAP), leaf biomass, stem biomass and pod 
biomass made significant percentage contributions to yield (number of pods per plant) under 
both irrigation regimes (Table 4.5). Pod biomass and leaf biomass contributed the highest 
percentage to yield in the regression model (Table 4.5). 
 
Table 4.5: Significance and percentage contributions of selected traits to pods per plant 
under drought stress and non-stress conditions in the greenhouse at Kawanda in 2015 
Trait Drought stress Non stress 


























Stomatal conductance Ns 1.9
***
 











The greenhouse study was carried out to confirm usefulness of stable drought related traits 
identified in the field experiments. Also, the importance of specific adaptive traits that were not 
measured under field conditions (e.g. rooting characteristics, stomatal conductance) was 
evaluated in the greenhouse. 
The drought intensity index in the screen house was 0.58. This drought stress levels imitate those 
in central Uganda namely Masaka, Rakai and Kyotera districts which is one of the major bean 
production areas in Uganda. 
Drought tolerance is the ability of a crop to maintain high yield even under drought stress 
conditions and therefore yield was an important factor assessed in this study. Drought stress 
reduced yield in the greenhouse; number of pods per plant (PDPL) and pod biomass (PDB) 
under greenhouse conditions (58.3% and 51.9% respectively) as reported in previous studies 
(Szilagyi et al., 2003; Emam et al., 2010; Assefa et al., 2015). Despite the fact that yield and its 
components are known to be influenced by several external factors, PDPL and PDB remained 
significantly stable under GxE effects while maintaining high variability at the genetic level. 
According to Kang (1997), stability of drought related traits under G x E interactions and 
significant differentiation amongst genotypes are key factors in determining the usefulness of 
traits for phenotypic selection. Positive strong correlations observed between PDPL and PDB 
further confirm these traits as important indicators of increased tolerance under drought stress in 
the greenhouse. 
Grain production under drought stress has been confirmed to be strongly related to dry matter 
partitioning and biomass distribution (Kage et al., 2004). Although leaf biomass and stem 
biomass did not significantly differentiate amongst genotypes, they remained stable under GxE 
effects in the greenhouse and maintained strong positive and significant correlations with seed 
yield in both irrigation regimes. Lack of genotypic variability could have been due to the small 
amounts of dry matter measured for each genotype. The regression model also revealed leaf-




conditions greenhouse experiments. Several studies have also reported that shoot dry weights 
appear the most promising based on their stability and correlations with seed yield across trials 
(Rosales- Serma et al., 2004; Jaleel et al., 2009; Asfaw et al., 2012; Beebe et al., 2012; 2013; 
Polania et al., 2016). The importance of shoot dry weights in determining seed yield under 
drought stress therefore cannot be underestimated. 
Three water use efficiency (WUE) i.e. stomatal conductance, chlorophyll content and canopy 
temperature  were found to remain stable under GxE interactions with the exception of SCOND 
According to Beebe et al (2010), stomatal conductance is a very sensitive trait dependent on 
several environmental factors thus the instability under G x E interactions. Nevertheless, 
SCOND was significantly correlated to yield components (PDPL and PDB) under non-stress 
conditions implying that increased (SCOND) is favorable for yield production under non-stress 
conditions. However, attempts to select for yield using stomatal conductance have been 
unsuccessful (Beebe et al., 2009) since improved SCOND does not necessarily translate into 
yield (CIAT, 2008; Beebe et al., 2009). The physiological basis for variation in drought 
resistance in common bean is due to a wide and potentially unrelated array of mechanisms 
including earliness, rooting depth and distribution, carbon allocation patterns, leaf morphology, 
gas exchange patterns, osmotic adjustment, and photosynthate mobilization to grain (Beebe et 
al., 2013). More studies are therefore required to qualify the usefulness of SCOND in improving 
drought avoidance in common bean. 
 
As discovered under field conditions, canopy temperature (CT) at 32 days after planting (DAP) 
in the greenhouse showed insignificant genetic variation amongst genotypes but remained 
significantly stable under GxE interactions. According to Wanjura and Mahan (1994), lack of 
genetic variation for CT is very common in field and greenhouse experiments due to the 
influence of the outside environment. However, significant negative correlations between CT 
and yield components (PDPL and PDB) at 32 DAP under both stress levels indicated that lower 
temperatures in the greenhouse were conducive for increased yield. Also, the regression model 
revealed canopy temperature at 32 DAPs had significant contribution to number of pods per 




translates to drought tolerance (Blum, 2009; Beebe et al., 2010). In the future, more efficient 
tools that limit external interruptions will have to be developed in the measurement of canopy 
temperature. 
 
Root characteristics are of primary importance in determining yield under drought stress (Beebe 
et al., 2010; Asfaw and Blair, 2012). A prolific root system can confer the advantage to support 
accelerated plant growth during the early crop growth stage and extract water from shallow soil 
layers that is otherwise easily lost by evaporation in legumes (Johansen et al., 1992). Also, field 
observations and subsequent greenhouse studies of root systems have revealed that runner beans 
have thick roots that might have a better potential to penetrate compacted soil than common 
bean. 
The root traits assessed in the greenhouse included total root biomass (TRB), tap root length 
(TRL) and lateral root length (LRL). All these traits remained stable under GxE effects although 
they did not significantly differentiate amongst genotypes. Lack of genetic variation could have 
been due to the fact that both parents were from the same gene pool which could have increased 
homogeneity within the population (Guimaraes, 2007). Also, small amounts of dry matter were 
measured for each genotype which could have mirrored uniformity. However, TRB was strongly 
correlated to yield components (PDPL and PDB) as well as canopy biomass components (leaf 
biomass and stem biomass). Possibly, selection for increased root biomass under greenhouse 
conditions can indirectly increase yield potential in breeding programmes. However, the 
regression model showed no significant contribution of root biomass to PDPL under drought 
stress conditions. This could therefore imply that higher root biomass does not necessarily 
guarantee higher yield performance. Root growth could occur at the expense of photosynthate 
mobilization to seed under drought stress thus reducing grain yield (CIAT, 2007; 2008). Positive 
correlations between root biomass and canopy biomass components could only mean that genetic 
factors controlling yield and biomass components are the same.  
 
Lateral root length (LRL) was also positively correlated to PDPL and PDB as well. Although, 




phenotypic trait in measuring rooting ability under drought stress conditions. On the other hand, 
tap root length (TRL) was negatively correlated to canopy temperature (at 32 and 45 DAP) under 
drought stress conditions. This meant that genotypes that rooted deeper were able maintain 
cooler temperatures by accessing deep water reservoirs thus maintaining water potential in 
adverse conditions. According to Pinto et al (2015), the ‘cool’ genotypes under water stress, 
showed a deeper root system allowing the extraction of 35 % more water from the 30–90 cm soil 
profile. Pinto et al (2015) further reported that using canopy temperature as a proxy for favorable 

























CHAPTER 5  
Study II: Identification of useful Quantitative Trait Loci (QTL) underlying drought 
tolerance in the Andean cross derived (BRB191 x SEQ1027) RIL population 
5.1 Introduction 
Traits associated with drought tolerance have been identified in common bean. These traits 
include; a deep rooting system (Frahm et al., 2004), biomass accumulation and biosynthate 
mobilization properties (Beebe et al., 2008), phenological traits (Ramirez-Vallejo and Kelly, 
1998) and other physiological traits (Darkwa et al., 2016). Genetic variation for most traits 
associated with drought tolerance has shown a quantitative inheritance (Asfaw et al., 2012; Blair 
et al., 2012). The underlying genetic basis of most of these traits must be clarified so as to 
facilitate introgression into new cultivars. 
 
Accordingly, molecular and protein markers were used to construct the first genetic linkage maps 
(Nodari et al., 1993). Amplified fragment length polymorphisms (AFLP), simple sequence 
repeats (SSR), resistance gene analogs (RGA) and single nucleotide polymorphic markers (SNP) 
have since been exploited for better precision. SNP markers provide the opportunity to produce 
high density maps (Pandey et al., 2017) enabling high precision QTL mapping in common bean. 
 
Limited drought-studies in common bean have been conducted in the region and as a result 
marker-assisted breeding for drought tolerance has not yet been fully implemented 
(Mukeshimana et al., 2016). This could be due to the variability of drought stress, limited 
capacity for phenotyping, absence of high-throughput marker systems as well as the lack of 
knowledge of the genetics of drought resistance mechanisms. Quantitative trait loci (QTL) 
analysis for drought tolerance across a range of environmental conditions using a dense map 
would improve the identification of QTL associated with broad adaptation to drought stress in 
common bean. 
The sub-objectives of this study were to (i) construct a map of the Andean cross derived 
recombinant inbred line BRB/SEQ population of common bean; and (ii) detect QTL associated 





5.2 Materials and methods 
Mapping the QTL for drought tolerance involved the following steps: 
i. Developing a mapping population 
ii. Constructing a linkage map  
iii. Analysing phenotype-marker association using inclusive composite interval mapping 
(ICIM). 
5.2.1 The mapping population  
A recombinant inbred line population of BRB 191 x SEQ 1027 was evaluated under both field 
and greenhouse conditions to generate phenotypic data. A hundred and twenty seven lines (127) 
excluding the parental lines and checks were then subjected to QTL analysis. 
5.2.1.1 Genotyping the population 
A bulk leaf tissue sample of three F5 plants collected from seedlings of each of the 127 lines and 
parents grown in the greenhouse at CIAT-Cali was used for DNA extraction. The population, 
along with the parents, was genotyped with the BARCBean6K-3 SNP array (Michigan State 
University, 2012) at KBiosciences. 
5.2.2 The linkage map 
A linkage map was constructed using QTL ICIMapping software (Version 4.0, 
www.isbreeding.net; Jiankang et al., 2014). This was done after data from SNP genotyping of 
the population was manually inspected in an excel sheet to eliminate SNPs with no call or those 
which were monomorphic between parents. Linkage map construction involved three major steps 
namely: Grouping, ordering and rippling (Meng et al., 2015). Grouping in QTL ICIMapping was 
done based on a threshold of logarithm of odds (LOD) score (3.00). The nnTwoOpt algorithm 
(nearest neighbor) was used for tour construction, and two-opt was used for tour improvement as 
part of the ordering. The SARF (Sum of Adjacent Recombination Frequencies) algorithm was 




chromosomes. The map used in this study was generated using the maximum likelihood mapping 
algorithm of QTL ICIM 4.0 and linkage groups were determined
 
at a Logarithm of Odds (LOD) 
score of 3.0 and a maximum distance of 50 cM (Mukeshimana et al., 2014) using the Haldane 
units (Lander et al., 1987). However, the linkage groups were not aligned with the 11 bean core 
linkage groups s (Pv01 to Pv11) of the common bean genome (Freyre et al., 1998). 
5.2.3 Quantitative trait loci analysis using inclusive composite interval mapping (ICIM) 
Quantitative trait loci (QTL) analysis was conducted using composite interval mapping (CIM) of 
the ICIMapping software (Zhang and Wang, 2012). In ICIM, effects of other QTL on the tested 
QTL can be controlled therefore increasing the precision of QTL detection (Li et al., 2015). A 
permutation test (1000 permutations) was used to generate a significant QTL threshold at the 
0.01 level of probability (P≤0.01) to determine the significant LOD level for the declaration of a 
QTL (Doerge et al., 1997). 
The estimated position of the QTL was the point where the maximum LOD score was found in 
the region under consideration. Estimates of the phenotypic variation (R2) explained by the 
individual QTL was also determined using ICIMapping. The marker within the QTL peak with 
the highest phenotypic variation explained (PVE) and level of probability (P ≤ 0.01) was used to 
define the genomic position of the QTL. The ICIM model with 10 cM window size, 1 cM walk 
speed, five significant background markers, and analysis by forward and reverse multiple linear 
regressions for each chromosomal position was used (Mukeshimana et al., 2014). 
 
According to Wang et al (2014), a versatile QTL had to be detected in more than one 
environment. Identified QTL were named according to the ‘Guidelines for common bean QTL 
nomenclature’ (Miklas and Porch, 2010). The significant QTL were named by combining a 
three-letter code for the trait with the linkage group and the order of the QTL for the given trait 
on each linkage group. For example, SY1.1
BS
 represents a QTL for seed yield on chromosome 




5.3 Results  
5.3.1 Linkage map 
Completely correlated (redundant) markers and markers with high missing rates were removed 
using a binning tool of the ICIM software (version 4.0). Sixty (60) markers were identified out of 
ninety four (94) SNPs using the binning tool to construct the linkage map. The linkage map was 
constructed using sixty single nucleotide polymorphic markers and grouped into 11 anchor 
groups (Figure 5.1). Five (5) of the 60 chosen markers were unanchored; only three (3) of these 
markers were transformed into linkage groups. 
 





Linkage group 1 had the highest number of markers (24) while the last three anchor groups (9, 
10 and 11) had only one marker each (Table 5.1). However, map saturation was very low with 3 
linkage groups (9, 10 and 11) of the genetic map carrying only one marker. The total length of all 
the 11 anchor groups was 204.72 cM with the 7
th
 anchor group having the longest span (60.44 
cM) (Table 5.1).  
Table 5.1: Linkage groups with the number of flanking markers and distance for each 






Pv 1 24 40.11 
Pv 2 7 24.81 
Pv 3 5 32.46 
Pv 4 3 20.41 
Pv 5 2 17.73 
Pv 6 4 5.84 
Pv 7 10 60.44 
Pv 8 2 2.92 
Pv 9 1 0 
Pv 10 1 0 
Pv11 1 0 
Whole genome 60 204.72 
Pv; linkage group, cM; centimorgans 
The interval between markers for the 11 anchor groups ranged from 0.1 cM to 28.69 cM with an 
average distance of 3.412 cM between markers. The 11 linkage groups represented 17.1% 
limited genome coverage of common bean that has an estimated total size of 1200 cM (Vallejos 
et al., 1992). 
 
5.3.2 Inclusive composite interval mapping (ICIM) from field evaluation 
Inclusive composite interval mapping identified twenty nine (29) major QTL (LOD ≥ 3.00, 




pv02, pv03, pv04 and pv08. However linkage group 2 (pv02) had the highest number of major 
QTL (21) dispersed at four (4) major chromosome positions namely; 20.00, 21.00, 22.00 and 
23.00 cM. Linkage groups 3 and 8 had only one QTL. Two major ‘hot spots’ were identified on 
pv02 where a large number of QTL clustered namely; at position 21.00 cM and 22.00 cM 
(Figure 5.2). Each of these hot spots had eight QTL expressed in different environments. Hot 
spots H1 and H2 contained QTL associated with pod wall biomass proportion (PWB2.2
BS
), pod 
harvest index  (PHI2.2
BS
), pod wall biomass at harvest  (PW2.2
BS
), stem biomass at harvest 
(SBH2.2
BS





Figure 5.2: Hot spots H1 (21.00 cM) and H2 (22.00cM) on pv02, SY2.1
BS
; seed yield QTL 
 
Out of the 29 major QTL detected under field conditions, only eight were found to be consistent 
appearing in more than one environment. A QTL associated with 100 seed weight (SW8.1
BS
) 







 associated with 100 seed weight on pv08 under non-stress conditions in 
the field in 2015 
Other consistent QTL included those that were adaptive in nature appearing under drought stress 
conditions only included QTL associated with harvest index (HI2.1
BS
), pod partitioning index 
(PPI2.1
BS
) and stem biomass at harvest (SBH2.2
BS
) (Table 5.2). On the other hand, constitutive 
QTL appearing under both drought stress and non-stress conditions were associated with pod 
wall biomass proportion (PWB2.2
BS
), pod harvest index (PHI2.2
BS
), pod wall biomass at harvest 
(PW2.1
BS
) and stem biomass reduction (SBR2.2
BS
) (Table 5.2).  
Stem biomass at mid-pod filling and harvest had the largest number of QTL  all expressed on 




 that were located on pv04 (Table 5.2). One of 
the QTL associated with stem biomass at harvest, SBH2.2
 BS
 was adapted to drought stress 







Table 5.2: Major QTL identified by ICIM from phenotypic data from field evaluation at Kawanda in 2014/ 2015 
Trait of association QTL NS Chromosome Position LOD PVE (%) Add 
100 seed weight SW8.1








4.45 14.91 -1.59 
Harvest index HI2.1
BS








 2015 NS 2 22 6.83 43.33 -37.553 
Pod partitioning index PPI2.1








 2015 NS 2 22 6.6 41.94 -46.24 
Stem biomass at harvest SBH2.2
 BS












 2014 DS 4 0 3.21 11 0.98 
Pod wall biomass proportion PWB2.2
 BS








 2015 DS 2 21 9.84 52.29 -10 
Pod harvest index PHI2.2
 BS








 2015 DS 2 21 9.84 52.28 10.001 
Pod wall biomass at harvest PW2.2
 BS








10.2 46.02 -16.324 
Stem biomass reduction SBR2.1
 BS








4.13 38.21 44.128 
Chr; Chromosome, Position; marker position in cM on the chromosome, LOD; Logarithm of odds, PVE (%); Phenotypic 





A large number of QTL were expressed under drought stress conditions of 2014. Also, all 
inconsistent QTL were expressed under drought stress conditions of 2014 and were associated 
with seed yield, stem biomass at mid-pod filling & harvest, leaf biomass and pod biomass at 
mid-pod filling (Table 5.3).  
Table 5.3: Major inconsistent QTL identified by ICIM at Kawanda in 2014 and 2015 
Trait of association QTL DS Chromosome Position LOD PVE (%) Add 
Chlorophyll content SCM3.1
 BS




 2015 DS 4 20 3.36 11.84 -0.82 
Stem biomass at MPF SBM2.3
 BS












 2014 DS 4 12 3.19 17.22 1.324 
Seed yield SY2.1
 BS
 2014 DS 2 23 3.79 68.03 -41.07 
Yield production efficiency YP2.1
 BS
 2014 DS 2 21 13.58 48.98 -0.932 
Days to flowering DF2.2
 BS




 2014 DS 4 19 6.83 24.12 2.286 




 2014 DS 4 16 4.28 17.69 0.901 
Leaf biomass at MPF LB2.1
 BS
 2014 NS 2 21 6.82 36.99 -8.164 
Pod biomass at MPF PBM4.1
 BS
 2014 NS 4 17 3.49 15.25 -3.256 
Chr; Chromosome, Position; marker position in cM on the chromosome, LOD; Logarithm of 
odds, PVE (%); Phenotypic variation explained, Add; Estimated additive effect of the marker, 
DS; drought stress, NS; non-stress (flanking markers are recorded in appendices). 
Specifically, an important QTL associated with seed yield (SY2.1
BS
) was detected under drought 
stress conditions in 2014 (Figure 5.3). This QTL had the highest percentage of variation 
explained under this study (68%). However, co-localization of this QTL with several other QTL 
was also detected in this study. Eight (8) QTL associated with partitioning indices and canopy 
biomass components co-localized with SY2.1
BS
 on linkage group 2 (Figure 5.4). Five (5) of 
these QTL co-localized with seed yield in the same environment and included QTL associated 
with pod wall biomass proportion (PWB2.2
BS
), pod harvest index  (PHI2.2
BS
), pod wall biomass 
at harvest  (PW2.2
BS
), stem biomass at harvest (SBH2.2
BS
) and days to flowering (DF2.2
BS
) 





Figure 5.4: Co-localization of seed yield QTL (SY2.1
BS
) with other QTLs in the same 
environment of 2014 drought stress 
 
Quantitative trait loci (QTL) associated with harvest index (HI2.2
BS
), pod partitioning index 
(PPI2.2
BS
) and stem biomass reduction (SBR2.2
BS
) also co-localized with seed yield but in 





 a constitutive QTL associated with stem biomass reduction was 
constitutive with the highest additive effects (95.4 and 44.1) (Table 5.2).  
 
Figure 5.5: Co-localization of QTLs at the 22.00 cm position(location of the SY2.1
BS
 QTL 




5.4.4 Quantitative trait loci (QTL) analysis from greenhouse evaluation 
A total of fifteen (15) phenotypic traits evaluated under greenhouse conditions were subjected to 
QTL analysis. ICIM revealed nine (9) major QTL (LOD≥3.0) (Table 5.4). All major QTL were 
located on 4 linkage groups; pv01, pv02, pv03 and pv06 with pv02 having the highest number of 
QTL (4 major QTL on pv02) (Table 5.4). Additionally, a large number of QTL detected under 
greenhouse evaluation originated from BRB191 (Table 5.4).  
Stomatal conductance and stem biomass had the highest number of QTL detected under 
greenhouse evaluation but dispersed on different linkage groups (Table 18) (Figure 8). Each trait 




 associated with stomatal conductance were 
both expressed under non-stress conditions (Table 5.4).  
 
Table 5.4: Quantitative trait loci (QTL) identified under greenhouse conditions at 
Kawanda in 2015 
Trait of association QTL DS LG Position LOD PVE Add 
Days to flowering DF2.1
BS
 DS 2 21.00 11.58 42.99 16.9563 
Leaf biomass LB2.1
BS
 DS 2 21.00 3.52 35.49 -0.7847 
Pod biomass PB3.2
BS
 DS 3 82.00 3.01 12.41 0.1562 




 DS 1 0.00 3.92 13.24 -0.6989 




 NS 2 23.00 3.52 61.83 -1.174 
Stem biomass SBH2.2
BS




 NS 1 0.00 4.13 13.9 -0.24 
Stomatal conductance SCO3.1
BS




 NS 6 5.00 3.15 9.04 -13.79 
DAP; Days after planting, DS; drought stress, NS; non-stress, LG; linkage group, PVE; 








Chlorophyll content also had 2 QTL. However, each of the QTL was expressed at different 
physiological stage and linkage group. For example, 2SCM1.1
BS
 associated with chlorophyll 
content at 32 days after planting (DAP) was detected on pv01 while 3SCM2.1
BS
 associated with 




Figure 5.6: QTL detected in the greenhouse under DS (drought stress) and NS (non-stress) 
conditions, associated with A: chlorophyll content B: days to flowering, C: leaf biomass, D: pod 




This study aimed at identifying QTL that can provide markers that could potentially be used in 
marker assisted selection for drought tolerance. 
The efficiency of QTL mapping is highly dependent on marker density (Perez-Vega et al., 2010; 
Mukeshimana et al., 2014). However, the genetic map in this study was developed from only 
sixty SNPs did not compare favorably to previously constructed genetic maps of common bean 
(Cichy et al., 2009; Asfaw and Blair, 2012). Nevertheless, the successful construction of a 
genetic map using an Andean intragene cross population was critical given that Andean beans 
are widely grown in Uganda where drought stress is on the increase (Kalyebara and Buruchara, 
2008; Miller, 2014). In fact, successful mapping of thirty eight (38) QTL proved the high 




Although several studies have identified drought related QTLs (Asfaw et al., 2012; 
Mukeshimana et al., 2014), stable expression of these QTLs across different stress environments 
is still a challenge (Trapp et al., 2015). This is because quantitative traits are highly dependent on 
environmental conditions. Therefore variations in drought stress (in terms of timing, duration and 
intensity) as well as other abiotic and biotic factors can influence expression of quantitative 
genetic factors (Blum, 2011). Furthermore, the exclusive use of bi-parental mapping populations 
which enable only two alleles for any one gene to be evaluated  also reduces the probability of 
detecting QTL consistently (Xu and Crouch, 2008). In this study, more QTLs were detected in 
2014 than in 2015 field conditions. Also, more QTL were detected under drought stress than 
non-stress conditions. These findings therefore strongly imply the adaptive nature of most of the 
identified QTLs to drought stress. Also, a large number of QTL identified in this study (66%) 
originated from the female parent BRB 191. This study therefore affirmed the viability of BRB 
191 as a source of drought tolerance (Blair et al., 2007). The cultivar was used in CIAT breeding 
programmes in 2008 as a source of the bc3 gene that confers resistance to BCMV (CIAT, 2008). 
However, literature on the cultivars drought tolerance is uncommon. 
Repeatability of QTL across environments is an indicator of stability and therefore a sign of high 
heritability which improves efficiency of traits in marker assisted breeding. In this study, both 
adaptive and constitutive QTL were detected confirming the efficiency of ICIMapping. For 
example, quantitative trait loci associated with photosynthate remobilization and biomass 
accumulation were found to be adaptive since they were expressed mostly under drought stress 
conditions. Furthermore, QTL associated with HI and PPI had the highest heritability expressed 
by relatively high genetic variances (Table 16). Thus, marker assisted breeding using markers 
tightly linked to HI and PPI would increase drought tolerance especially under drought stress. 
Asfaw et al (2012) also detected QTL associated with HI and PPI (Hri3.1 and Ppi3.1); however 
they were constitutive and had much lower percentages of genetic variance (below 10%).  
On the other hand, constitutive QTL appearing under both drought stress and non-stress 
conditions included those associated with pod wall biomass proportion, pod harvest index, pod 
wall biomass at harvest and stem biomass. Selecting for drought tolerance using constitutive 




increase yield under non-stress conditions as well. Nevertheless, these QTL will have to be tested 
further in more locations and seasons to prove consistency.  
 
Expression of adaptive QTL in both the field and greenhouse was a strong sign of stability and 





) were expressed both in the field and greenhouse; but, SBH2.2
BS
 was expressed in all 
drought stress environments in the field and greenhouse and was also linked to seed yield. Stem 
biomass proved to be a quite an important trait in this study with the largest number of QTL 
dispersed in the bean genome. One of the QTL (SBH1.1
BS
) detected in the greenhouse co-
localized with a previously detected determinate growth gene (PvTFL1y) that controls shorter 
flowering period and ease of mechanized harvest in common bean (Repinski et al., 2012). Also, 
SBM2.3
BS
 was highly heritable with a genetic variance of 58.7%.  
Results in this study are a strong indication of the great role stem biomass could play in 
controlling seed yield under drought stress. Although few studies have detected QTL associated 
with stem total non-carbohydrate content and other canopy biomass components (Asfaw et al., 
2012), co-localization with seed yield has not been detected in most studies. 
 
A hundred seed weight also proved to be a significant trait in this study with a consistent QTL 
(SW8.1
BS
) appearing on pv08 in three (3) field environments. According to Collins et al (2008), 
consistency in expression suggests higher heritability compared to other traits assessed in this 
study hence highlighting the importance of seed weight in marker assisted breeding. In fact, 
other studies have reported QTLs controlling seed weight on pv08 although these QTL have 
higher additive and percentage variance, and were located near or at the center of pv08 (Park et 
al., 2000 Blair et al., 2006; Perez-Vega et al., 2010). These variations could arise from 
differences in environment, marker technologies and populations used. Nevertheless, there is 
strong indication that genetic factors conditioning seed weight are located on pv08.  
Only one seed yield QTL was detected in one environment in this study on pv02 although it had 
the highest percentage variation explained (68.0%). Other studies have also found small numbers 




seed yield co-localized photosynthate remobilization traits and phenology on pv02. Clustering of 
QTLs controlling different traits on pv02 has been reported in other studies as well (Tar’an et al., 
2002; Beattie et al., 2003; Blair et al., 2006; 2010; Asfaw and Blair, 2012). Also, a few studies 
have detected phenology factors on pv02 (Perez-Vega et al., 2010; Blair et al., 2012) although 
co-localization with seed yield is still uncommon. According to Aastveit and Aastveit (1993), 
presence of different tightly linked genes and pleiotropic effects of single genetic elements could 
explain this clustering effect. However, the clustering could also have arisen from the fact that 
are all these trait are wholly determined by biomass components and are highly related. The 
significant correlations between yield and photosynthate remobilization are a sign that breeding 
for improved photosynthate remobilization could directly increase seed yield. Results also 
suggest the importance of pv02 in regulating drought tolerance in terms of photosynthate 
accumulation and remobilization.  
 
Generally, the presence of multiple QTL responsible for different mechanisms (phenology, 
biomass accumulation and photosynthate remobilization) confirms the nature of yield as a 
complex trait. Specifically, results on co-localization showed that seed yield could be linked to 
and therefore inherited together with biomass accumulation and photosynthate remobilization. 
Kelly et al (2003) has stressed the importance of pleiotropy in determining yield. Therefore, 
results from this study are deemed crucial because selection using a combination of these traits 
could easily increase yield potential under drought stress. The results from this study highlighted 
the feasibility of marker-aided selection as an alternative to conventional labor-intensive, 











CHAPTER 6  
GENERAL DISCUSSIONS, CONCLUSIONS AND RECOMMENDATIONS 
 
6.1 General Discussion 
Sub-Saharan Africa is likely to face more frequent drought episodes due to the predicted climate 
changes. The development of drought adapted common bean varieties is the most practical 
approach to reduce crop failure due to drought in bean growing areas. Unfortunately, 
phenotyping for drought stress is labor-intensive and time consuming exercise (Paez-Garcia et 
al., 2015). Therefore identification of genetic factors linked to drought tolerance will improve 
and increase the efficiency and potential of breeding programmes across the globe. This study 
successfully identified drought tolerance sources and traits and quantitative trait loci (QTL) 
associated with drought tolerance in the common bean.  
 
This study used an Andean intragene population. While initial QTL studies have been promising, 
these have mostly been in a limited number of recombinant inbred line (RIL) populations. In 
fact, most RILs were mostly created from crosses within the Middle American gene pool (Beebe 
et al., 2006).  Further studies with populations developed from crosses between gene pools or 
from crosses within the Andean gene pool are needed to explore additional diversity for drought 
resistance QTL alleles against different backgrounds. 
The study also identified new sources of drought tolerance in the BRB/SEQ population and 
confirmed previously identified drought tolerant cultivars based on their outstanding 
performance under both field and greenhouse conditions. Recombinant inbred lines 9, 114 and 
117 and previously documented cultivars. BAT 477, DAB 441, DAB 494 and BRB 19 were 
identified as drought tolerant based on the geometric means and drought susceptibility index. 
Most importantly, BRB 191, the female parent used in this study was affirmed as a viable source 
of drought tolerance. BRB 191 was found to be the highest yielding cultivar in field experiments 
and was the least susceptible to drought stress in the greenhouse. Furthermore, QTL analysis 




large number (66%) of identified QTL in this study. In fact, Miklas and Kelly (2002) have 
reported the cultivar as a source of the bc3 gene that confers resistance to Bean common mosaic 
necrotic virus (BCMNV). However, tolerance to drought in this cultivar has not yet been 
documented. Therefore, more studies have to be carried out to test the usefulness of this cultivar 
against various backgrounds e.g. in inter-genic pool crosses. Nonetheless, multiplication of BRB 
191 for drought studies and breeding programmes is highly recommended. 
Usefulness of traits for selection for drought tolerance was detected based on their stability under 
drought stress and environmental interactions, ability to differentiate significantly amongst 
genotypes and significant correlations with seed yield especially under drought stress. A hundred 
seed weight and morpho-physiological traits such as canopy temperature (CT) and chlorophyll 
content (SCMR) were found to be relatively stable maintaining correlations with seed yield 
under drought stress. Unfortunately, although canopy temperature and chlorophyll content 
proved to be useful indicators under phenotypic evaluations, consistent QTL for these traits were 
not identified and no co-localization was detected with seed yield. 
 
However, partitioning traits specifically PPI, HI and increased shoot biomass proved to be useful 
indicators of drought resistance. Increased total shoot biomass and HI represented high storage 
capacity of assimilates for grain filling (source strength) while PPI showed that assimilates were 
successfully transformed into pod (sink strength). Our findings were proved further in 
ICIMapping which revealed a large number of consistent QTL associated with partitioning 
indices, most of which co-localized with seed yield pv02. Detection of co-localization indicated 
pleiotropy and confirmed the complexity of seed yield as a trait determined by many 
physiological processes throughout crop growth. Selecting for photosynthate remobilization 
measured by pod partitioning index (PPI) and harvest index (HI) could indirectly increase yield 
under drought stress in breeding programmes of the common bean and other legumes as also 
confirmed in other studies (Beebe et al., 2008; Rao et al., 2013). The findings also highlight the 
role of pv02 in controlling photosynthate remobilization and consequentially seed yield in 
common bean. Nevertheless more studies using larger marker densities and different genetic 




pleiotropy is confirmed, candidate genes controlling seed yield and flanking markers can be 
identified for marker assisted selection in breeding programmes.  
 
Previously mapped regions containing drought related QTL agreed with some of the findings 
from this study. These included QTL associated with seed weight on pv08, phenology (days to 
flowering and days to physiological maturity) on pv04 and pv02 and number of pods per plant 
(PDPL) on pv03. This demonstrated the merits of QTL mapping using SNP technologies as a 
precision tool in genetic studies. New regions containing novel QTL associated with drought 
related traits were also identified in this study. For example QTL associated with stomatal 
conductance, biomass accumulation and photosynthate remobilization. Candidate gene analysis 
for these traits would be an important tool where these new complex traits can be reduced to 
individual components which can be used for selection. Nevertheless, no single QTL associated 
with rooting characteristics was detected in this study. A few studies have detected root trait 
associated QTL (Asfaw and Blair, 2012) but linkage with seed yield is still very uncommon. 
 
6.2 Conclusion 
This study has demonstrated the potential of using better performing RILs in the BRB/SEQ 
population as sources of drought tolerance to improve Andean cultivars in Uganda. Also, 
selection for photosynthate remobilization characterized by HI and PPI would indirectly increase 
yield potential in Andean genotypes in breeding programmes. Nevertheless, considering the 
complexity of seed yield under drought stress, and the inconsistency in the expression of trait 
associated QTL, selection using a combination of drought related traits would produce more 
stable and high yielding genotypes. 
Identification of both adaptive and constitutive QTL in this study has provided good prospects 
for using QTL based approaches in developing drought tolerant genotypes. New regions of 
interest in the bean genome have been identified having genetic factors that are very vital to seed 
yield especially under drought stress. Thus, findings from this study will permit genetic studies 




remobilization for yield improvement under drought stress. Findings from the study have also 
improved the knowledge on the genetic basis of drought tolerance in the Andean gene pool. 
 
6.3 Recommendations and future perspectives 
There was not enough data collected in this study on agronomic traits such as seed size and plant 
height to investigate possible linkage or pleiotropy effect of the seed yield QTL with these other 
agronomic traits. Validation of better performing lines of the BRB/SEQ population and BRB 191 
against different backgrounds is expedient and therefore evaluations in different agro ecological 
locations and crossing experiments with other parents of different genetic pools is recommended 
to clarify and confirm usefulness of these cultivars. 
 
To avoid possible overestimation of QTL at the pv02 ‘hot spots’ (21.00 and 22.00cM position) 
the use of lattice design in field evaluations is recommended as lattice design experiments have 
been said to minimize overestimation of QTL effects in large populations in comparison to 
alpha-lattice designs (Vales et al., 2005). Also fine resolution mapping using a larger marker 
density and larger population size (at least 300 RILs) which might reveal whether the major 
effect QTLs detected in this study are indeed singular or are made up of several linked QTL each 
with a small effect. There is also need to determine whether these major QTL identified in this 
study especially those associated with photosynthate remobilization are also present in different 
genetic backgrounds, and whether the flanking SNP markers are useable for marker-assisted 
selection in a wider range of materials.  
 
In view of the potential benefits, it is recommended that further studies be conducted involving 
more populations, additional markers near identified QTL, and a much larger marker density 
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